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Abstract: Coastal debris has recently emerged as a serious environmental pollution problem. Coastal
debris can be treated using pyrolysis because it consists mainly of combustible materials like
plastics (e.g., polyethylene (PE), polypropylene (PP), nylon) and wood. In this study, the pyrolysis
characteristics of coastal debris were fully utilized by applying their basic data to fuel production.
The initial temperature increased from 330 °C to 380 °C for the nylon fishing net coastal debris sample,
from 405.01 °C to 430.08 °C for the PE fishing net coastal debris sample, from 395.01 °C to 419.96 °C
for the PP rope coastal debris sample, and from 114.95 °C to 115.02 °C for the wood (bamboo) coastal
debris sample. The activation rate of the global activation energy and the pre-exponential factors rose
with the increasing heating rate, complementing the reduction rate constant due to the larger growth
of the exponential term due to the kinetic models used.
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1. Introduction

Marine debris consisting of manufactured or synthesized solid waste materials has given rise to a
serious global issue regarding the marine environment. In particular, the ecology of marine animals and
economic activities in marine areas have become cause for concern [1-3]. Marine debris refers to all types
of waste floating in the sea or approaching the coast due to natural or artificial factors [3-5]. Coastal, sink,
and floating marine debris types consist of coastal, sea-based waste generated from human activities,
and foreign wastes introduced to the domestic marine areas and coasts from overseas sources [3-7].

According to a survey conducted by the Ministry of Oceans and Fisheries of South Korea, more
than 176,000 tons of marine debris were generated in South Korea in 2012, but only 58,000 tons
were collected, gradually worsening the problem of marine debris in the country [8]. Statistical data
from the Marine Litter Integrated Information System showed that approximately 78,000 tons of
marine debris were collected in 2016. Among these, 53% were coastal debris, 34.1% were underwater
deposited waste, 6.6% were floating wastes, and 6.3% were disaster wastes [8]. Due to the geographic
conditions of South Korea, the Kuroshio Current flowing from the East China Sea to Japan’s east
coast induces the marine debris of neighboring countries to pass through South Korea [9,10]. All the
coastal debris are potentially pushed toward the coast by winds and typhoons, among others. Of these
coastal debris, 54% are plastics (e.g., wire ropes, waste nets), 7.9% are timber, 19% are incombustible
materials (including metal and glass), and 18% are other types of material [10-12]. Marine debris
contains long-term decay-resistant materials such as waste fishing nets, waste ropes, Styrofoam buoys,
and various types of plastics depending on the sources (e.g., municipal solid waste, industrial wastes,
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and marine wastes), which threaten the marine environment and ecosystem as well as cause marine
resource damage and marine accidents [5,11,13]. According to its composition, however, coastal
debris also have a high calorific value of approximately 6000 kcal/kg, which can be applied to the
high-efficiency energy industry [14,15].

For coastal debris consisting of combustible materials like plastics and wood, pyrolysis and
combustion may be considered attractive treatment alternatives [11,13,16]. The recycling of waste
plastic of coastal debris via pyrolysis involves thermal degradation of the polymeric material in the
absence of oxygen to produce useful fuels [12-14]. These treatment techniques can reduce coastal
debris volume and can boost energy and/or chemical production. The thermal characteristics of
coastal debris can provide effective usage and controlled conditions for incinerators and cement kilns.
In addition, pyrolysis can solve the problem of coastal debris treatment because coastal debris consists
mainly of plastics (e.g., polyethylene (PE), polypropylene (PP), nylon) as well as some types of wood.

In this study, the pyrolysis characteristics of coastal debris were fully utilized by applying their
basic data to the fuel production system. The changes in the pyrolysis characteristics and kinetics
of several plastics and wood making up coastal debris were studied through thermogravimetric
(TG) analysis.

2. Materials and Methods

2.1. Materials

For this study, three plastic coastal debris samples (two fishing nets made of nylon and PE,
respectively, and one rope made of PP) and wood coastal debris samples (bamboo) were collected from
the south-west coastal area of South Korea and were investigated. In 2016, 32% of the marine wastes
were collected in this area. Marine wastes particularly abound in Sinan-gun, which consists of more
than 1000 islands and produce a large amount of waste fishing gear since fishery and aquaculture
activities abound there. In addition, since it is located farther toward the south-west coastal area of
South Korea, marine wastes, including foreign wastes, are pushed toward the coast.

The characteristics of the study samples were subjected to ultimate, proximate, and calorific value
analyses. The results of such analyses are shown in Table 1.

Table 1. Characteristics of the plastic and wood coastal debris samples.

Cateco Nylon PE (Fishing PP Waste Wood
gory (Fishing Net) Net) (Rope) (Bamboo)

Moisture content (wt.%) @ 2.3 1.4 1.3 7.3
Proximate Volatile matter 95.3 96.4 93.8 752
analysis (wt.%) b Fixed carbon 0.3 0.1 0.2 21.3
y ' Ash 0.4 35 6 35
Carbon 63.1 82.4 80.1 483

. . Hydrogen 8.4 13.2 129 5.9
U“‘n(lvitte;;ﬁlym Oxygen 17.9 07 0.8 394
e Nitrogen 10.2 0.2 0.2 0.4

Cl~ 0.1 0.3 0.3 2.8
Calorific value (kcal/kg) b 9884 10,406 10,876 4201

b

2 as collected from a coastal area; ° on a dry basis.

2.2. TG Run for Pyrolysis Analysis

The TG analysis of the pyrolysis behavior was carried out using a thermogravimetric analyzer
(Seiko, Exstar 6000, TG/DTA6100, Tokyo, Japan). For each run, 1£0.2 mg of each study sample was
prepared. The TG results provided the function of temperature for the plastic and wood coastal debris
samples with non-isothermal conditions, and a controlled heating program (5, 10, and 20 °C-min~!)
was used from room temperature up to 800 °C. The decomposition temperatures were measured under
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dynamic conditions in a nitrogen atmosphere with a total flow rate of 100 mL-min~!. A sample of
about 10 mg was placed in a platinum crucible prior to analysis. Moreover, differential thermography
(DTG) results showed the characteristics of the pyrolysis behavior of coastal debris.

2.3. Non-Isothermal Kinetics

There are two main approaches to kinetic modeling pyrolysis. The first approach consists of
the use of network models like the chemical percolation devolatilization (CPD), FLASHCHAIN,
and FG-DVC models, which have been developed to accurately describe the complex process behavior
of coal and biomass pyrolysis [17,18]. They consist of complicated mathematical models. However,
carrying out the complex computation takes time. The second approach, on the other hand, consists
of the use of global models and is easy to utilize due to its computational simplicity. These simple
global kinetic models have been widely used in many studies (e.g., Andrew P. [19], Fei et al. [20],
and Piyarat et al. [21]) to study the behavior of the pyrolysis process. Accordingly, the global pyrolysis
kinetic models were adopted in this study. They are classified into three categories: the one-, two-,
and multi-step models. The number of steps in each model indicates the number of reaction kinetic
pathways occurring during the whole process. For the plastic coastal debris study samples, the one-step
model was employed to estimate the kinetic parameters for the overall pyrolysis process. For the wood
coastal debris sample, the nth-order reaction model function was utilized to describe the complex
pyrolysis process by computing the order of the process. The multi-step kinetics model was used
to estimate the pyrolysis process behavior of the sample with three main components: cellulose,
hemicellulose, and lignin. The conversion («) of the plastic coastal debris in the overall pyrolysis
process can be calculated using the formula below.

Wio — W;

e 1)
Wio — Wi

o =
where Wy, W, and W represent the instantaneous, initial, and final weights of the sample in the
pyrolysis process, respectively. The subscript i indicates each step of the multi-step model, and unity
in the single-step model.

The global kinetics model form can be described by the Arrhenius equation [22] shown below.

lei AL _ Ei PR
- —Azexp( RT><1 @) @

where ¢ is the given time (s), A is the pre-exponential factor (min~1), E, is the apparent activation
energy (kJ-mol~1), R is the universal gas constant (8.314 J-mol~1.K~1), T is the absolute temperature
(K), and n is the order of the reaction function. In this study, the nth-order reaction model function
indicates complexity of different marine debris pyrolysis processes. The pyrolysis process of marine
debris proceeds in a non-isothermal condition considering a constant heating value (8 = dT/dt) in
this study. Accordingly, Equation (2) was converted to Equation (3).

da; A E; ni
% = ﬁexp(_RT> (1—a;)" (©)

The conversion and kinetic equations of the multi-step model were calculated by the sum of the
individual steps shown below.

o= Z%’ai 4)
du du;
a7 = Zyiﬁ %)

i

Yyi=1 ©)
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where the subscript i indicates each step of the multi-step model and y; represents the contribution of
the individual process to the overall weight loss. The uncharted kinetic parameters and contribution
factors were computed by estimating the experimental data through non-linear least-squares analysis.
The optimization was performed in MATLAB (R2015a, The MathWorks, Inc, Natick, MA, USA) to
minimize the sum of squared residuals (S), and the deviations between the experiment data and the
predicted values were calculated using the equations below.

B (2))

j

j=1 j

Devi.(%) = 100 x ®)

3. Results and Discussion

3.1. Thermogravimetric Analysis of Coastal Debris

The TG and DTG curves as a function of temperature for the plastic and wood coastal debris
samples under non-isothermal conditions (as 5, 10, and 20 OC-min_l) are presented in Figures 1 and 2.

When the study samples were heated from room temperature to 100 °C, the weight of the
wood coastal debris sample decreased mainly because of the evaporation of the surface and some
inherent moisture while the weight loss of the plastic coastal debris samples was negligible. With the
continuously increasing temperature, major degradations were observed after the drying stage. In
this study, the drying stage was not considered to exclude the effects of the water contents. Therefore,
the variations in weight and kinetic parameter were analyzed based on the completely dried samples.
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Figure 1. Experimental and calculated (one-step model) pyrolytic thermogravimetric (TG) (a) and
differential thermography (DTG) (b) curves of the nylon fishing net coastal debris sample. TG (c) and
DTG (d) curves of the PE fishing net coastal debris sample. TG (e) and DTG (f) curves of the PP rope
coastal debris sample. TG (g) and DTG (h) curves of the wood (bamboo) coastal debris sample at
different heating rates.
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Figure 2. Experimental and calculated (multi-step model) pyrolytic TG and DTG curves of the wood

coastal debris sample: (a) TG and (b) DTG curves at a 5 °C heating rate, (¢) TG and (d) DTG curves at
10 °C heating rate, and (e) TG and (f) DTG curves at a 20 °C heating rate.

The TG and DTG curves of all the three plastic coastal debris samples were similar, while those
of the wood coastal debris sample showed discrepancy since the DTG curves of the former were
perceived to be symmetric. However, the latter was perceived to have had an asymmetrical shape.
This was attributed to the thermally decomposed main constituent. Plastic is a polymer consisting
of a certain monomer, such as nylon (C¢H11NO),;, PE (C;Hy),,, PP (C3Hg). On the other hand [15,23],
wood mainly consists of a high molecular compound of cellulose, hemicellulose, and lignin [24-26].
In addition, the main thermal decomposition of the plastic coastal debris samples occurred within a
narrow temperature range of 330 to 535 °C whereas the main weight loss of the wood coastal debris
sample proceeded within a broad temperature range of 115 to 779 °C. This was due to the main
component of pyrolysis [25,27].

3.2. Effect of the Heating Rate on the Pyrolysis Process of Coastal Debris

As shown in Tables 2 and 3, the pyrolysis characteristics of coastal debris were examined based
on each TG analysis condition.

The maximum weight loss temperature (T};), maximum weight loss rate (R;;), gaseous species
release rate, and initial (T;) and final (Tf) temperatures were influenced by the different heating rates
and clearly shifted toward the high-temperature range [18,28]. The tendencies were described based
on the heat and mass transfer resistance. In addition, the particle size limited the mass and heat
transfer. Accordingly, to reduce the resistance, samples with a small particle size were selected for all
the experiments. The effluences of the heating rate were a significant factor in the pyrolysis due to the
variations of the heat and mass transfer inside or among the sample particles [27,29].

Table 2. Characteristics of the plastic coastal debris samples in the pyrolysis process.

Sample BCCmin~Y) T;CO  T,(CO  Tr(CCO) Ry min~!) M (g/g)
Nvlon 5 330.00 434.98 475.01 0.1088 0.4803
fishi}171 et 10 370.00 454.94 494.98 0.2116 0.2012
& 20 380.06 464.98 520.05 0.4169 0.3108

PE fishi 5 405.01 474.97 505.02 0.1785 1.4043
1shing 10 410.07 484.92 515.07 0.3310 2.1120
net 20 430.08 499.96 535.16 0.6475 1.6969

5 395.01 455.02 490.01 0.1387 0.4935

PP rope 10 405.01 465.01 505.02 0.2760 0.2638

20 419.96 474.97 520.03 0.5450 0.4641
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Table 3. Characteristics of the wood coastal debris sample in the pyrolysis process.

Sample B (°C-min~1)  Regime T; (°O) T (°C) Ty CCQ Ry (min~?1) M (g/g)

1st 224.96 305.01 390.01 0.0191 0.3540

5 2nd 285.00 330.02 380.03 0.0410 0.3634

3rd 114.95 360.00 745.01 0.0042 0.2414

Wood (bamboo) Ist 230.00 314.98 404.95 0.0379 0.8073
coastal debris 10 2nd 299.98 340.01 390.01 0.0839 0.3621
3rd 114.98 365.00 765.03 0.0091 0.2431

1st 234.99 324.90 419.98 0.0680 0.3470

20 2nd 304.95 350.06 404.97 0.1613 0.3609

3rd 115.02 374.90 779.94 0.0169 0.2467

As the heating rate rose from 5 to 20 °C min~!, T; increased from 330 °C to 380 °C for the
nylon fishing net coastal debris sample, from 405.01 °C to 430.08 °C for the PE fishing net coastal
debris sample, from 395.01 °C to 419.96 °C for the PP and the rope coastal debris sample, and from
114.95 °C to 115.02 °C for the wood coastal debris sample. The T; values of the PP and PE coastal
debris showed lower initial pyrolysis temperatures than in other studies [30-33]. The initiation of
thermal decomposition for PP occurred at a lower temperature than for PE because the polymer chain
of the PP coastal debris sample consists of a tertiary carbon, which corresponds to branching [13,29].
Furthermore, T}, increased from 434.98 °C to 464.98 °C for the nylon, from 474.97 °C to 499.96 °C
for the PE, from 455.02 °C to 475.97 °C for the PP, and from 360.00 °C to 374.90 °C for the wood
(bamboo) coastal debris sample. The polymers with branching are weak and more breakable than
linear polymers like PE. T; of PP and PE of coastal debris showed lower initial pyrolysis temperature
than in the other study [30]. The DTG peak temperature of PP of marine debris were observed to be
lower than those of Gunasee et al. [31]. Meanwhile, the profile of thermal composition on waste wood
is in good agreement with results from earlier studies [32].

3.3. Decomposition Curves in the Kinetic Models

The apparent kinetic parameters were estimated using two kinds of global kinetic models (one-
and multi-step models) for the plastic and wood coastal debris samples, respectively. The conversion
of the coastal debris as a function of temperature is shown in Figures 1 and 2, and the optimized kinetic
parameters are listed in Tables 4 and 5.

For the plastic coastal debris samples, single-step degradation took place due to the compound
constituted as stated previously. The global activation energies (E;) were estimated to be 212.95-218.17,
336.20-389.78, and 297.03-326.14 kg-mol’1 for the nylon, PE, and PP coastal debris samples,
respectively, as shown in Table 4. The E;, of the PE and PP are in good agreement with the experimental
data reported by various authors [33-37]. The activation energy of the PE was higher than that of PP
due to the residue yields in three major products: plastic derived oil, gas, and residue wax [14,15].
The pyrolysis of the PE coastal debris sample produced a higher yield of wax residue compared to that
of the PP coastal debris sample and it needed more activation energy due to the inorganic/char content
and incomplete conversion of PE [15,38]. The activation rate of the global activation energies (E,;) and
the pre-exponential factors (A) rose with the increasing heating rates to complement the reduction
rate constant due to the larger growth of the exponential term. The pyrolysis process of the wood
coastal debris sample was analyzed using the multi-step reaction kinetic model, as shown in Figure 2.
The global kinetic reaction order of the sample was found to be higher than unity and such a high value
points to a measure of multiplicity and complexity of the reaction mechanism [17,18]. In addition,
the regression coefficients (r*) were lower than 0.7896, which implies that the multi-step reaction
kinetic model is inadequate for describing the pyrolysis behavior of the wood coastal debris sample.
On the other hand, the three-step kinetic model could describe the behavior of the three independent
one-step decomposition mechanisms for cellulose, hemicellulose, and lignin. The temperature ranges
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of the individual decomposition components were found to be in good agreement with the values
obtained from previous studies [25,27].

Table 4. Kinetic parameters of the plastic coastal debris samples in the pyrolysis process at different
heating rates.

Sample B (°C/min)  E; (kJ-mol™1) A (min?) 7 () S (%)
Nvlon fishi 5 212.95 1.22 x 10%° 0.9892 0.2411
ylon lts mng 10 217.98 250 x 1015 0.9889 0.4783
ne 20 218.17 730 x 1015 0.9827 1.1865

5 336.20 9.77 x 1022 0.9737 0.4838

PE fishing net 10 380.28 1.37 x 1026 0.9587 1.1520
20 389.78 3.24 x 10% 0.9798 1.6053

5 297.03 7.28 x 10%0 0.9925 0.2214

PP rope 10 309.67 5.33 x 102 0.9913 0.4837
20 326.14 6.22 x 1022 0.9936 0.7913

Table 5. Kinetic parameters of the wood coastal debris sample in the pyrolysis process at different
heating rates.

Sample B (°C/min) Regime N (-) E (J/mol) A (min—1) 72 (-) S (%) yi ()
Global 3.2 119.01 8.16 x 10°  0.7727  0.5529 -
s 1st 1.2 112.97 552 x 10° 09976  0.3932 0.3195
2nd 1.2 259.97 202 x 102 09884  0.6884  0.3544
3rd 1.4 24.11 455 0.9843  0.2185 0.0055
Wood
(barﬁﬁoo) Global 32 138.85 630 x 1011 0.7896  1.0581 -
12
coastal debris 10 1st 1.4 141.38 1.57 x 1022 0.9980  0.7095 0.3246
sample 2nd 1.2 274.29 4.86 x 10 09878  1.3794  0.3447
3rd 1.6 31.21 259 x 10 09850  0.3987  0.0120
Global 32 141.82 146 x 1012 0.7876  2.0686 -
20 1st 1.6 144.70 220 x 1012 09994  1.4814 0.3181
2nd 1.2 300.07 1.79 x 105 0.9904  2.7466 0.3575
3rd 2 44.30 396 x 102 1.0000  0.8037  0.0224

4. Conclusions

In this study, the pyrolysis characteristics of coastal debris were fully utilized by applying their
basic data to the fuel production system. For this, the pyrolysis behaviors and kinetics of the plastic
and wood coastal debris study samples were examined using thermogravimetric analysis.

The coastal debris samples that were used in this study consisted of plastics (polyethylene (PE),
polypropylene (PP), and nylon) and wood, which are both incombustible. The initial temperature
increased from 330 °C to 380 °C for the nylon fishing net coastal debris sample, from 405.01 °C to
430.08 °C for the PE fishing net coastal debris sample, from 395.01 °C to 419.96 °C for the PP rope
coastal debris sample, and from 114.95 °C to 115.02 °C for the wood (bamboo) coastal debris sample.
The maximum weight loss temperature increased from 434.98 °C to 464.98 °C for nylon, from 474.97 °C
t0 499.96 °C for PE, from 455.02 °C to 475.97 °C for PP, and from 360.00 °C to 374.90 °C for waste wood.
Furthermore, the activation rate of the global activation energy and the pre-exponential factors rose
with the increasing heating rates, which complemented the reduction rate constant due to the larger
growth of the exponential term because of the kinetic models used.
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