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cycling—recovery of nylon
monomers from fishing net waste using seashell
waste-derived catalysts in a CO2-mediated
thermocatalytic process†

Soosan Kim,‡a Yong Tae Kim, b Lee Seul Oh,b Hyung Ju Kim *b
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A lot of fishing nets have been abandoned, lost, or discarded at sea. Herein, we aimed at applying seashell

waste-derived catalytic materials to a thermocatalytic process to recover a valuable commodity chemical

(e.g., caprolactam) from fishing net waste (FNW) made of polyamide 6. For catalyst synthesis, seashell waste

was carbonized in N2 and CO2 environments (denoted as SSWC-N2 and SSWC-CO2, respectively); here, the

basicity of SSWC-CO2 was two-fold more than that of SSWC-N2. The thermocatalytic conversion of FNW

was also conducted under N2 and CO2 atmospheres. Using SSWC-CO2 in the thermocatalytic conversion

conducted under a CO2 atmosphere maximized the caprolactam recovery (80 wt% of FNW feedstock, the

highest yield reported to date) possibly because the base-catalyzed decomposition of polyamide 6 was

enhanced by more reactive cleavage of the amide linkage in CO2. SSWC-CO2 was reused for at least

three cycles. In conclusion, SSWC-CO2 is a promising alternative catalyst to recover caprolactam from

FNW. The findings from this study offer insights into developing a new thermocatalytic upcycling process

for marine waste such as FNW and seashell waste. This aids in reducing microplastic pollution and

increasing economic potential for marine waste valorization.
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1. Introduction

Microplastics are a major problem in the sh-eat-sh world of sea
and ocean environments. These prolic plastic particles are
consumed by small sh, which are then eaten by larger sh,
thereby transferring this pollutant up the food chain eventually to
humans.1Microplastics originate from the colossal use ofmodern
day plastics; these plastics deteriorate into smaller particles that
may be consumed by marine fauna. Fishing nets are a major
source of microplastics that has not previously been considered
and are typically made of non-biodegradable nylon. Approxi-
mately 6.4 � 105 t of shing nets were dumped, abandoned, or
lost directly at sea, accounting for more than half the debris
discarded in oceans.2 The shing net waste (FNW) oen becomes
entangled with each other and is almost impossible to separate.
Entangled FNWnot only poses a risk tomarinemammals such as
sea lions, large whales, and seals that may become entangled in
the nets,3 but they also block sunlight to plankton and algae,
thereby disturbing primary production processes in marine
ecosystems.4 The management of FNW (e.g., collecting and recy-
cling) has recently emerged as a means to address this problem.5

Conventional disposal and recycling methods for FNW (e.g.,
landlling, mechanical methods, and incineration), are no
longer sustainable. These methods are considered downcycling,
which is characterized by inefficient heat energy recovery and
yields lower-value products than the corresponding original
commodities.6 Recently, upcycling approaches that use waste as
feedstock to produce renewable chemicals have gained consid-
erable attention. Among different waste materials, plastic waste
is an emerging feedstock to produce energy and high-value
chemicals and to synthesize useful carbonaceous materials.7–10

The thermocatalytic plastic upcycling process involves the
catalytic conversion of plastics to high-value chemicals (e.g.,
Fig. 1 Conceptual diagram of marine waste upcycling proposed in this

This journal is © The Royal Society of Chemistry 2022
monomers and intermediates), at high temperatures between
300 and 700 �C. This process is attractive because it addresses
plastic pollution by sustainably producing potentially value-
added products.11 It has high potential for the establishment
of thermocatalytic plastic upcycling; hence, they have certainly
shown great promise.12 For example, styrene (a monomer of
polystyrene) has been successfully recovered from expanded
polystyrene waste with yields of up to 62.9% in the presence of
Al2O3-supported metal catalysts (e.g., Zn/Al2O3 and Mg/Al2O3) at
450 �C.13,14 Polyethylene terephthalate monomers have been
recovered from abandoned beverage bottles via thermocatalytic
glycolysis (with ethylene glycol),15 or aminolysis (with ethanol-
amine)16 in the presence of guanidine catalysts such as tri-
azabicyclodecene. A Pt/SrTiO3 catalyst prepared by atomic layer
deposition was used to make linear hydrocarbons from
disposable polyethylene bags via thermocatalytic hydro-
genolysis.17 Another study achieved a >99% yield of linear
hydrocarbons at 300 �C under 1.2 MPa H2 without any solvent;
the non-catalytic thermal treatment of disposable polyethylene
bags did not yield any linear hydrocarbons.17

Recently, CO2 has been suggested as a reaction medium for
the thermocatalytic conversion of plastic waste, as a strategy for
CO2 utilization. For instance, using CO2 and a HZSM-11 catalyst
to thermocatalytically treat teabag waste at 500 �C improved
nylon monomer recovery compared to that using typical
thermal treatment.18 Jung et al. investigated the thermocatalytic
production of H2 from polymeric waste with a Ni/SiO2 catalyst in
a CO2 environment.19 They found that utilizing CO2 enhanced
H2 production from waste shing nets, reaching >1090 mmol
gcat

�1 h�1; this was nine fold higher than the production rate
obtained without CO2.19

The preparation of catalysts from waste materials is another
waste-upcycling method. Utilizing waste materials to prepare
study.

J. Mater. Chem. A, 2022, 10, 20024–20034 | 20025
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and use a catalyst to generate renewable target products from
other waste materials creates an eco-friendlier and more cost
effective waste upcycling process.20–22 Seashell waste is a poten-
tial waste material that is highly abundant; it is generated
worldwide and approximately 35–70 wt% of seashells become
waste.23 In China, approximately 10 million t of seashell waste
are landlled annually.24 Although a small fraction of seashell
waste is re-used for handicras and fertilizers, its re-use for
such purposes is limited due to its cost ineffectiveness and
environmental problems such as soil solidication.25 Improp-
erly treated seashell waste (e.g., illegal dumping) pollutes
reclaimed land and public water and generates foul odors.26 The
preparation of solid base catalysts from seashell waste has been
widely investigated for transesterication reactions27–30 and
catalytic pyrolysis of polymeric waste.31 However, no studies
have been performed on the thermocatalytic upcycling of
plastic waste using catalysts made from natural seashell waste
under different atmospheres.

This study investigated the recovery of caprolactam from
FNW via thermocatalytic conversion under a CO2 atmosphere
using seashell waste-derived catalysts (SSWCs); as such, this
demonstrated a strategy to concurrently upcycle marine waste
while utilizing CO2. To the best of our knowledge, this is the
rst ever study on synergistical CO2 utilization for waste valo-
rization and catalytic material preparation. Fig. 1 schematically
describes the concept of this study. Two different catalysts were
prepared from seashell waste via thermal treatment under N2

and CO2 atmospheres, and their catalytic performances were
compared to maximize CO2 utilization during waste upcycling.
This work aims to offer an environmentally friendly treatment
and concomitant production of value-added products from
marine waste. This proposed strategy will also contribute to
solving regional/global environmental problems, such as
microplastic pollution.
2. Materials and methods
2.1. Feedstocks and catalyst preparation

FNW and seashell waste were collected from a beach near Buan
County, North Jeolla Province, Republic of Korea. Collected
FNW was cut to a length of 20–25 mm (Fig. S1†), while collected
seashell waste was thoroughly washed, dried in an oven at 60 �C
for 24 h, and pulverized to ne powder between 0.15 and 0.6
mm. To prepare two different SSWCs, seashell waste powder
(100 g) was rst carbonized at 400 �C (2.5 �C min�1) under
owing ultra-high purity (UHP) N2 or CO2 gas at 300 mL min�1

for 2 h. The resultant char was mixed with a 6 M potassium
hydroxide (KOH) solution (1 : 3, w/w) and maintained at 60 �C
for 24 h. Then, the material was heated to 400 �C at 10 �Cmin�1,
under owing UHP N2 or UHP CO2 at 300 mL min�1 and
maintained for 30 min. This was followed by heating to 700 �C
at 3 �C min�1, aer which the sample was maintained for 1 h
under owing UHP N2 or UHP CO2 at 300 mL min�1. The
resultant catalyst was treated with a 2 M hydrochloric acid (HCl)
solution at 90 �C for 1 h, followed by washing with deionized
water. Finally, the sample was dried at 60 �C for 24 h. The
20026 | J. Mater. Chem. A, 2022, 10, 20024–20034
samples prepared under N2 and CO2 atmospheres were denoted
as SSWC-N2 and SSWC-CO2, respectively.
2.2. Feedstock characterization

FNW was analyzed with Fourier-transform infrared spectros-
copy (FTIR) using a Nicolet iS50 FTIR spectrometer (Thermo
Fisher Scientic; Waltham, MA, USA) to identify its chemical
composition.

The American Society for Testing and Materials (ASTM)
D6980-17, ASTM D1203-21, and ASTM D5630-94 standard test
methods were used to determine the moisture, volatile matter,
and ash content in FNW, respectively. The difference between
the initial sample mass and the total moisture, volatile matter,
and ash content was considered as the xed matter content in
FNW. The elemental composition of FNW was determined
using a FlashSmart 2000 elemental analyzer (Thermo Fisher
Scientic; Waltham, MA, USA). Thermogravimetric analysis
(TGA) of a 30 mg sample of FNW, which was heated at
10 �C min�1, was conducted using an STA449 F3 thermal
analyzer (NETZSCH; Selb, Germany).
2.3. Catalyst characterization

The composition of the SSWC-N2 and SSWC-CO2 catalysts was
determined using an inductively coupled plasma-optical emis-
sion spectrometer (ICP-OES; iCAP™ PRO XP DUO, Thermo
Fisher Scientic; Waltham, MA, USA).

A JSM-7900F scanning electron microscope (SEM) (JEOL;
Akishima, Tokyo, Japan) was used to characterize the
morphology of the SSWC-N2 and SSWC-CO2 catalysts. X-ray
diffraction (XRD) was conducted using an X-ray diffractometer
(D/MAX-2200 Ultima, Rigaku Corp.; Tokyo, Japan); the XRD
used Cu Ka radiation (l ¼ 0.154 nm) and operated at 40 kV and
40 mA. The crystalline phase of the sample was identied using
the International Center for Diffraction Data database.

Physisorption measurements were performed using an ASAP
2020 system (Micromeritics; Norcross, GA, USA) using N2 to
assess the adsorption–desorption isotherms at�196 �C. Prior to
measurement, the samples were degassed at 90 �C for 30 min,
followed by heating at 150 �C for 12 h in a vacuum.

A temperature programmed desorption of NH3 (NH3-TPD)
was performed to analyze surface acidity using an AutoChem II
2920 system (Micromeritics; Norcross, GA, USA). The samples
were pretreated in the presence of He for 1 h at 500 �C and 0.5 h
at 150 �C. Then, the samples were saturated with 15 vol% NH3

in He. Changes in thermal conductivity detector (TCD) signals
were recorded between 150 and 500 �C at a ramp rate of
5 �Cmin�1, in which the samples were maintained for 1 h in the
presence of owing He at 50 mL min�1.

Chemisorption measurements of samples were conducted
using an ASAP2010 system (Micromeritics; Norcross, GA, USA),
using 99.999 vol% CO2 as analysis gas. The samples were pre-
treated with He for 2 h at 500 �C; then, they were evacuated for
1 h at 35 �C such that the pressure was below 0.67 kPa.
Adsorption isotherms were recorded at 35 �C to measure the
CO2 uptake by the samples.
This journal is © The Royal Society of Chemistry 2022
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A sequence of temperature-programmed reduction of H2

(H2-TPR), temperature-programmed oxidation of O2 (O2-TPO),
and a repeat of H2-TPR was carried out to probe reducibility
using an AutoChem II 2920 (Micromeritics; Norcross, GA, USA).
The samples were pretreated in the presence of Ar at 500 �C for
1 h and then cooled to 50 �C. During H2-TPR, changes in the
TCD signal were recorded between 50 and 500 �C at a ramp rate
of 10 �Cmin�1, in which the samples were maintained for 1 h in
the presence of 10 vol% H2 in Ar at 50 mL min�1. A liquid trap
was maintained at �70 �C to remove moisture from the gas
prior to entering the TCD. Aer the sample was cooled to 50 �C
in the presence of Ar, O2-TPO was conducted within 40–500 �C
at a ramp rate of 10 �C min�1, where the samples were main-
tained for 1 h in the presence of 5 vol% O2/Ar at 50 mL min�1.
Aer cooling the samples to 50 �C in the presence of Ar, H2-TPR
was repeated.

2.4. Thermocatalytic conversion of FNW

Fig. S2† presents a schematic of the reactor setup used for the
thermocatalytic conversion of FNW. For non-catalytic experi-
ments, 1 g of FNW was loaded into the reactor, which was
purged by owing UHP N2 or UHP CO2 at 100 mL min�1 for
10 min at room temperature (�23 �C) to remove all oxygen
within the reactor. Then, the FNW feedstock was heated to
500 �C at 10 �C min�1 under owing N2 or CO2 (the same gas
used for purging) at 100 mL min�1; the feedstock was main-
tained at 500 �C for 1 min. For in situ thermocatalytic conver-
sion, a FNW and catalyst mixture (FNW/catalyst ¼ 20, mass
basis) was loaded into the reactor (Fig. S2a†). For ex situ ther-
mocatalytic conversion, a catalyst bed was established aer the
feedstock to allow vaporized species from the FNW migrate
through the catalyst bed (Fig. S2b†). The subsequent steps in
this process were the same as those performed during the non-
catalytic experiments.

2.5. Product analysis

A fusion gas analyzer micro-gas chromatograph (Micro GC)
system (INFICON; Bad Ragaz, Switzerland) (see Fig. S2†) was
used to identify and quantify the non-condensable compounds
(i.e., gaseous products) created during the thermocatalytic
conversion of FNW; this system was directly connected to the
reactor outlet. Condensable compounds (i.e., caprolactam and
other liquid by-products) were collected in the condenser
(Fig. S2†) and quantied using an 8890 GC equipped with
a 5977B mass spectrometer (MS) (Agilent Technologies; Santa
Clara, CA, USA). The sample analysis conditions that were
applied to the Micro GC and GC-MS systems are detailed in
Tables S1 and S2,† respectively. Condensable compounds were
identied by comparing their GC-MS spectrograms with those
present in the National Institute of Standards and Technology
mass spectral library. Pure caprolactam (product no. C2204,
Sigma Aldrich; St Louis, MO, USA) was used to conrm GC-MS
peaks corresponding to caprolactam by matching the mass
spectrum with the retention time. The actual amount of
caprolactam was quantied with an external standard method
using a GC equipped with a ame ionization detector; the
This journal is © The Royal Society of Chemistry 2022
calibration curve with this method is shown in Fig. S3.† The
caprolactam yield was calculated using eqn (1):

Caprolactam yield ðwt%Þ ¼

100�
�
mass of caprolactam identified

mass of FNW feedstock

�
(1)
3. Results and discussion
3.1. Feedstock characterization

To identify the major repeating units of FNW, FTIR was utilized
to characterize the key functional groups of FNW. The resultant
FTIR spectra are shown in Fig. 2a; the FNW sample exhibited
various peaks that corresponded to the characteristic peaks of
polyamide 6,32 indicating the composition of FNW.

Proximate analysis of FNW showed that it is composed of
97.48 wt% volatile matter, 0.01 wt% xed carbon, 2.01 wt%
moisture, and 0.50 wt% ash. Ultimate analysis revealed that
FNW was composed of 63.06 wt% carbon, 10.28 wt% hydrogen,
13.89 wt% oxygen, 12.27 wt% nitrogen, and 0.50 wt% ash; the
composition of FNW is summarized in Fig. 2b.

Fig. 2c and d illustrate the apparent thermal decomposition
patterns of FNW under N2 and CO2 atmospheres, respectively,
as recorded by TGA. An approximate 2 wt% mass loss was
observed from 100 to 350 �C, corresponding to moisture evap-
oration (Fig. 2c), while a distinct decomposition zone between
350 and 500 �C occurred during the thermal degradation of
FNW. Approximately 98 wt% of FNW was decomposed within
this zone, which was consistent with its volatile matter content
(Fig. 2b). Approximately 1 wt% of FNW remained aer TGA; this
residual mass was consistent with its xed carbon and ash
content (Fig. 2b). The mass change (Fig. 2c) and mass degra-
dation rate (Fig. 2d) of FNW under a N2 environment were
difficult to differentiate from those obtained under a CO2

environment. This means that CO2 had no apparent effect on
the thermal degradation of FNW (i.e., the overall loss of thermal
mass from FNW); however, CO2 may affect the chemical
composition and yield of products derived from FNW.
3.2. Non-catalytic thermal conversion of FNW

Fig. 3a shows that the non-catalytic thermal conversion of FNW
produces gas, caprolactam, and liquid; no solids remained as
full thermal degradation was achieved at 500 �C (Fig. 2c and d).
Gaseous products from non-catalytic thermal conversion were
composed of non-condensable gases such as H2, CO, CO2, and
C1–C4 hydrocarbons; liquid products included a mixture of by-
products in addition to caprolactam. Fig. S4† shows a repre-
sentative GC-MS chromatogram of the liquid products yielded
from the thermocatalytic conversion of FNW at 500 �C. The
liquid by-products identied were classied as azepines (7-
butyl-3,4,5,6(2H)-tetrahydroazepine, (E)-N-(azepan-2-ylidene)
octan-1-amine, and 1-(3,4,5,6-tetrahydro-2H-azepin-7-yl)-2-
azepanone), imines (2-methyl-6-tridecyl-6-piperidene, (Z)-
octadec-9-en-1-imine, and 3-(pyrrolidin-1-yl)propan-1-imine),
J. Mater. Chem. A, 2022, 10, 20024–20034 | 20027
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Fig. 2 (a) FTIR spectrum of FNW; (b) proximate and ultimate analyses results of FNW; (c) residual mass change in terms of temperature for the
TGA of FNW under N2 and CO2 environments; and (d) derivative weight variation in terms of temperature for the TGA of FNW under N2 and CO2

environments.

Fig. 3 (a) Yields of gaseous and liquid products, and caprolactam produced from the non-catalytic thermal conversion of FNW at 500 �C under
N2 and CO2 environments; (b) distribution of gaseous products; (c) distribution of liquid products.
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and cyclic dimers (1,8-diazacyclotetradecane-2,9-dione and
1,6,14-triazacyclohenicosane-2,7,15-trione) (see Table S3†).

In Fig. S5,† the change in the yield of caprolactam produced
through the non-catalytic thermal conversion of FNW under N2

and CO2 atmospheres from 500 to 900 �C is presented. The
caprolactam yield clearly decreased with increasing tempera-
ture from 500 to 900 �C. This is most likely due to thermal
degradation of caprolactam itself at temperatures higher than
20028 | J. Mater. Chem. A, 2022, 10, 20024–20034
500 �C. The caprolactam yield obtained under N2 and CO2 was
not signicantly different at 500 and 600 �C; however, using the
CO2 medium in non-catalytic thermal conversion of FNW low-
ered the caprolactam yield at >600 �C (Fig. S5†). The use of CO2

as a thermal conversion medium enhances the thermal
cracking of volatile species evolved from feedstock (biomass or
plastics),33 which is favored at temperatures exceeding 700 �C.34

This results in higher yields of gaseous products and lower
This journal is © The Royal Society of Chemistry 2022
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yields of liquid and solid products under a CO2 atmosphere at
>600 �C than those obtained using a typical inert medium such
as N2.33 As such, at temperatures lower than 700 �C, the
caprolactam yield achieved in N2 and CO2 was not signicantly
different. The temperature of 500 �C led to the highest capro-
lactam yield (Fig. S5†), and the full thermal degradation of FNW
occurred at �500 �C under both N2 and CO2 atmospheres
(Fig. 2c and d). Therefore, 500 �C was used in further investi-
gations on the thermocatalytic conversion of FNW.

Fig. 3a shows that the product yields obtained from the non-
catalytic thermal conversion of FNW under N2 and CO2 atmo-
spheres did not substantially differ. Enhanced thermal cracking
of volatiles by CO2 is favored at temperatures exceeding
700 �C;34 as such, for the non-catalytic thermal conversion of
FNW at 500 �C, CO2 was an inert agent (e.g., N2). The distribu-
tion of gaseous and liquid products derived from FNW under
a CO2 atmosphere was similar to that under an N2 atmosphere
(Fig. 3b and c). The non-catalytic thermal conversion of FNW
yielded approximately 45 wt% of caprolactam (Fig. 3a).
3.3. Catalyst characterization

The seashell waste used as the feedstock for the preparation of
two SSWC catalysts was made mainly of polymorph of CaCO3,
such as aragonite, as proven by the XRD analysis (Fig. S6†). We
prepared the SSWC-N2 and SSWC-CO2 catalysts via carboniza-
tion of seashell waste and sequential KOH-activation. Table 1
Table 1 Physicochemical properties of SSWC-N2
a and SSWC-CO2

Catalyst

Surface area
(m2 g�1)

Pore volume
(cm3 g�1)

BET Externalb Microporeb Mesoporec

SSWC-N2 3.05 1.88 0.0005 0.1695
SSWC-CO2 1.68 1.13 0.0002 0.0088

a Seashell waste-derived catalysts under N2: SSWC-N2, seashell waste-deri
Teller. b Determined by the t-plot method. c Calculated by subtracting m
Joyner–Halenda (BJH) desorption method at a relative pressure (P/
a temperature of 35 �C.

Fig. 4 (a) N2 adsorption–desorption isotherm; (b) pore size distribution

This journal is © The Royal Society of Chemistry 2022
and Fig. 4 show the porosity of the SSWC catalysts through N2-
physisorption; both catalysts had low specic surface areas with
type III isotherms, indicating low adsorbent–adsorbent inter-
actions. SSWC-N2 had a Brunauer, Emmett, and Teller specic
surface area of 3.05 m2 g�1; this was 1.82-fold higher than that
of SSWC-CO2. Both catalysts consist of bimodal pores, but the
broad large peak above 10 nm indicates that the pores are
irregular (Fig. 4). The low geometric surface areas indicate that
the catalysts went through a molten state during the prepara-
tion to form the fused catalyst, mostly composed of surfaces.

Fig. 5a shows the SEM images of the SSWC-N2 and SSWC-
CO2 catalysts. It is clearly shown that SSWC-CO2 is more crys-
talline than SSWC-N2, having a typical cubic shape morphology.
As listed in Table S4,† the two catalysts were composed of
various inorganic chemicals, with CaCO3 being predominant.
The carbonization of seashell waste under a CO2 atmosphere
increased the CaCO3 content while decreasing the K content in
the catalyst compared with that during carbonization under
a N2 atmosphere. The XRD patterns of SSWC-N2 and SSWC-CO2

are shown in Fig. 5b; the diffraction peaks of both catalysts were
almost identical, representing CaCO3 as per the ICDD database
(JCPDS no. 01-072-1937), consistent with the ICP-OES results
(Table S4†). This also indicates that a polymorphic transition of
aragonite occurred during the carbonization of the seashell
waste (Fig. S6† and 5b). Moreover, SSWC-CO2 showed a higher
XRD intensity than SSWC-N2, indicating that the former has
Average pore diameterd (nm) Basicitye (mmol g�1)Totald

0.017 26.5 3.34
0.009 23.0 8.10

ved catalysts under CO2: SSWC-CO2, and BET: Brunauer, Emmett, and
icropore volume from total pore volume. d Determined by the Barrett–
P0) of 0.99. e Measured using the CO2 chemisorption method at

under N2 physisorption for SSWC-N2 and SSWC-CO2.
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Fig. 5 (a) Scanning electron microscopy (SEM) images of SSWC-N2 and SSWC-CO2 (SEM images with a magnification of 5 mm are given in
Fig. S7†); (b) XRD patterns of SSWC-N2 and SSWC-CO2.
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a higher degree of crystallinity than the latter; these XRD results
were supported by the SEM results (Fig. 5a).

Table 1 demonstrates that the increase in the CaCO3

concentration of SSWC-CO2 elevated CO2 uptake, which was
2.43-fold higher than that of SSWC-N2. Both catalysts exhibited
negligible reducibility through the H2-TPR/O2-TPO/H2-TPR
sequence (Fig. S8†). This means that most impurities in SSWC,
which occurred as various metals as shown in Table S4,† were
not exposed to the surface. Similarly, nearly zero acid sites were
observed on the surface of both catalysts as a result of NH3-TPD
(Fig. S9†). The characterization results indicate that the atmo-
spheric variations, where seashell waste carbonization occurred
(e.g., N2 or CO2), may alter the physicochemical properties of the
SSWC, affecting its basicity.

3.4. Thermocatalytic conversion of FNW using the SSWC
catalysts

This study hypothesized that catalyst conguration during
thermocatalytic processing may affect caprolactam recovery
from FNW. Thus, two different catalyst loading congurations
were tested: in situ and ex situ. For in situ conguration, the
thermocatalytic conversion of FNW occurred within a reactor
where FNW and the catalyst were mixed together to enable
direct contact between the two (Fig. S2a†).35,36 Ex situ congu-
ration involved no direct contact between FNW and the catalyst;
here, nets were rst thermally cracked to release high molecular
weight volatile species. Then, volatile species were passed
through a catalyst bed in which they were further transformed
into lower molecular weight species (Fig. S2b†).35,36
20030 | J. Mater. Chem. A, 2022, 10, 20024–20034
Fig. 6a shows yields for gaseous and liquid products, and
caprolactam obtained via the thermocatalytic conversion of
FNW under a N2 atmosphere with and without the SSWC-N2

catalyst, using in situ and ex situ congurations. The ex situ
conguration did not signicantly affect the caprolactam yield
compared with that of the non-catalytic process; however, it
increased the gaseous product yield while decreasing the liquid
product yield compared with those from non-catalytic thermal
conversion. This indicates that the catalyst improved the
thermal cracking of high molecular weight volatiles released
from FNW via thermal degradation. The use of the SSWC-N2

catalyst in the in situ conguration increased the caprolactam
yield to 63.6 wt%; thus, the thermal depolymerization of FNW to
caprolactam was more selective using the in situ conguration
than that using ex situ conguration. This may be attributed to
the intimate contact of the catalyst with high molecular weight
volatile species generated via thermal depolymerization.37,38 The
high diffusion efficiency of polymer-derived (e.g., FNW-derived)
heavy volatiles enables their diffusion into catalyst pores; this
facilitates direct contact between volatiles and catalytic sites
using in situ conguration.39,40 This may amplify the catalytic
effect for promoting the thermal depolymerization of FNW,
which may potentially contribute to higher caprolactam yields
than those derived from using ex situ conguration. The
distributions of gaseous and liquid products in the three cases
were similar (Fig. 6b and c). As the in situ conguration yielded
the highest quantity of caprolactam, further experiments were
conducted using this conguration.
This journal is © The Royal Society of Chemistry 2022
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Fig. 6 (a) Yields of gaseous and liquid products, and caprolactam produced from the thermocatalytic conversion of FNW at 500 �C under an N2

environment using SSWC-N2 in different catalyst configurations; (b) distribution of gaseous products; (c) distribution of liquid products.

Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 0
2 

ag
os

to
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

3/
02

/2
02

6 
11

:2
8:

23
. 

View Article Online
The base-catalyzed decomposition of polyamide 6 proceeds
through an anionic chain mechanism, which occurs more
rapidly than non-catalytic decomposition.41 As shown in Fig. 7,
this mechanism involves the base-catalyzed deprotonation of
amide groups and the cleavage of the amide link that occurs on
the polyamide 6 chain, followed by intramolecular cyclization
that produces lactam units (i.e., caprolactam). As the FNW
feedstock used in this study is largely made up of polyamide 6
(Fig. 2a), the thermocatalytic conversion of these nets into
caprolactam may follow a similar pathway.
Fig. 7 Anionic chain reaction occurring in thermal degradation of polya

This journal is © The Royal Society of Chemistry 2022
Fig. 8 shows that the SSWC-CO2 catalyst yields more capro-
lactam than the SSWC-N2 catalyst under both N2 and CO2

atmospheres. For example, under an N2 environment, the
SSWC-CO2 catalyst yielded more caprolactam (70.3 wt%) than
the SSWC-N2 catalyst (63.6 wt%). It is likely that this higher yield
using the SSWC-CO2 catalyst was due to the higher basicity of
this catalyst compared with that of the SSWC-N2 catalyst (Table
1). The use of CO2 as a thermal conversion medium further
enhanced the effectiveness of the SSWC catalyst in yielding
caprolactam from FNW; for example, the yield reached 80 wt%
mide 6 in the presence of a base catalyst.

J. Mater. Chem. A, 2022, 10, 20024–20034 | 20031
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Fig. 8 Caprolactam yield from the thermocatalytic conversion of FNW
at 500 �C under N2 and CO2 environments using SSWC-N2 and SSWC-
CO2 in an in situ catalyst configuration.
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when using the SSWC-CO2 catalyst under a CO2 environment.
CO2 molecules have been observed to interact with polar func-
tional groups, modifying their reactivity on the catalyst
surface.42,43 Thus, the synergistic effect of the CO2 reaction
environment and the SSWC catalyst is most likely because the
molecular interaction between CO2 and the polar functional
groups of FNW (e.g., amides) causes the more reactive base-
catalyzed deprotonation of amide groups and the cleavage of
amide linkages.

Although there have been a limited number of literature
reports, our results are compared with the most recent studies
on thermocatalytic treatment of commercial nylon 6 and the
feedstock similar to FNW, as summarized in Table S5.† The
study done by Eimontas et al. has claimed 83% caprolactam
yield (based on GC-MS area% without further quantication)
with a ZSM-5 zeolite catalyst,44 but the GC-MS area %-based
yield cannot reect the actual caprolactam yield. In another
Fig. 9 Reusability of the spent SSWC-CO2 catalyst with different catalys
a CO2 environment.

20032 | J. Mater. Chem. A, 2022, 10, 20024–20034
recent study that quantied the caprolactam yield using an
external standard method (a similar method to ours), 70 wt%
caprolactam yield was obtained from commercial nylon 6 with
a scallop shell catalyst calcined under air.31 In comparison, our
yield (80 wt%; corresponding to�91 GC-MS area%, as shown in
Fig. S4†) is the highest among those that have been reported.

To assess the reusability of the SSWC-CO2 catalyst, the spent
SSWC-CO2 catalyst was reused at 500 �C under a CO2 atmo-
sphere for three cycles; the results are shown in Fig. 9. A slight
loss in the caprolactam yield was observed aer each cycle. This
is most likely due to coke deposition on the catalyst surface, as
indicated by TGA analysis of the spent catalyst in air (Fig. S10†).
The peaks ranging from 400 to 800 �C were attributed to the
oxidation of coke.45 In Fig. S10b,† the coke oxidation peak
moved to higher temperature with increasing the number of
reuse cycles, which indicates that harder oxidized coke was
formed. Fig. S11† shows a SEM image of the spent SSWC-CO2

catalyst aer the 3rd reuse. In addition, the XRD patterns of
fresh and spent catalysts are compared in Fig. S12.† The fresh
catalysts exhibited higher XRD intensities than the spent cata-
lysts, indicating that the spent ones have a lower degree of
crystallinity than the fresh ones. Despite the yield loss, there
was no signicant reduction in the caprolactam yield as per the
Student's t-test at the 95% condence limit. Fig. 9 also shows
that an increase in the SSWC-CO2 catalyst loading did not
inuence the caprolactam yield; this demonstrates that the
catalyst is reusable at an elevated catalyst loading.

Fig. 10 describes the marine waste upcycling process
proposed in this study. As previously discussed, the thermoca-
talytic processing of FNW using the SSWC-CO2 catalyst
produced gases including CO2, combustible gases (e.g., H2, CO,
and C1–C4 hydrocarbons), and caprolactam-rich liquid prod-
ucts. Gaseous products were fed into a CO2 separation system
(e.g., a monoethanolamine-based CO2 capture process46); the
separated CO2 was recycled into the thermocatalytic FNW
treatment or seashell waste carbonization. Combustible gases
may be used as fuel to produce the heat and power required for
thermocatalytic treatment and catalyst preparation. Capro-
lactam (80% wt yield based on the feedstock) was separated
t loadings for the thermocatalytic conversion of FNW at 500 �C under

This journal is © The Royal Society of Chemistry 2022
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Fig. 10 Concept underpinning the thermocatalytic upcycling of marine waste (FNW and seashell waste) tomonomer (caprolactam) under a CO2

environment with the recycling of by-products.
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from the caprolactam-rich liquid product via caprolactam
purication using toluene or acetone as a solvent, and intro-
ducing a CO2 ow.47 This entire process potentially helps
develop an energy-independent marine waste upcycling system
that effectively utilizes CO2.48

Globally, 640 000 t of shing nets are abandoned in oceans
every year,5 contributing to the release of 7.1 � 1015 microplastic
pieces (this estimate is based on data in Table S6†).49 The ther-
mocatalytic process depicted in Fig. 10 is able to convert 80% wt
of FNW into caprolactam, valued at roughly one billion USD
(Table S6†). This implies that the proposed marine waste upcy-
cling process may potentially realize the reduction of micro-
plastic pollution and increase the economic potential for marine
waste valorization, such as with FNW and seashell waste.

4. Conclusions

This study performed the thermocatalytic treatment of FNWwith
catalysts prepared by carbonizing seashell waste under N2 and
CO2 atmospheres (SSWC-N2 and SSWC-CO2, respectively). This
method reclaimed value from different marine waste materials
(e.g., FNW and seashell waste) simultaneously. FNW used as
feedstock in this study wasmade of polyamide 6, as conrmed by
FTIR analysis. The carbonization environment materially
affected the properties of the catalyst, such as its CaCO3 content
and basicity. The SSWC-CO2 catalyst had a higher basicity and
CaCO3 content than SSWC-N2. The SSWC catalysts enhanced the
caprolactam yield (a value-added chemical used as the monomer
of nylon 6), compared with the non-catalytic thermal conversion
of FNW because the selective depolymerization of the polyamide
bond to caprolactam involved base-catalyzed reactions. For the
thermocatalytic conversion of FNW using a SSWC catalyst, the in
situ catalyst conguration provided a higher caprolactam yield
than that from the ex situ conguration. Base-catalyzed capro-
lactam production using the SSWC-CO2 catalyst (in situ
This journal is © The Royal Society of Chemistry 2022
conguration) was further promoted in the thermocatalytic
conversion of FNW carried out under a CO2 atmosphere; the
caprolactam yield reached 80 wt% of the FNW feedstock (a
higher reported yield than previous studies), and the SSWC-CO2

catalyst was stable aer three consecutive cycles. There is no
single simple solution for concurrently achieving marine waste
upcycling with CO2 utilization. Although this industry is still in
its infancy, continuous research and development should help
advance this industry to become economically viable.
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