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RESUMO

Titulo: Estudo fisico-quimico dos efeitos de grupos funcionais no comportamento de
adsorcdo de naftaleno e seus derivados em microplasticos de polietileno de alta
densidade

Autor: Ronaldo Antunes Funari Junior

Orientador: Prof. Dr. Marcelo Barcellos da Rosa

Os microplasticos (MP) tém recebido grande atencdo devido aos residuos
produzidos em massa lancados no meio ambiente. MP s&o ideais para aderir a poluentes
organicos que podem ser facilmente dispersos, oferecendo riscos a satide humana. Além
disso, pouco foi relatado sobre como diferentes grupos funcionais em derivados de
hidrocarbonetos policiclicos aromaticos (HPA) influenciam o comportamento de
adsorcdo em MP. Para entender melhor esse processo, os grupos metil (~CHz) e hidroxila
(—OH) foram selecionados e polietileno de alta densidade comercial e residual (PEAD, <
1mm) foram usados como adsorventes, e Naftaleno (Naf), 1-Metil-Naftaleno (Me-Naf) e
a-Naftol como adsorvatos. Os resultados mostraram comportamentos diferentes para
adsorvatos apolares e polares. Forcas de dispersdo foram o principal tipo de interacdo
entre PEAD e Naf/Me-Naf, enquanto forcas dipolo-induzidas e ligagdes de hidrogénio
foram as principais interagdes envolvendo MP e compostos polares. Independente da
fonte de PEAD, Naf e Me-Naf possuem isoterma Tipo III, e a-Naftol apresenta isoterma
Tipo Il. Naf e Me-Naf ajustados a isoterma de Freundlich com um processo desfavoravel
(n=2,12e1,11; 1,87 e 1,31, respectivamente), com valores positivos de AH° (50 e 77,17
66 e 64,63 kJ mol™) e 45° (0,070 e 0,0145; 0,122 e 0,103 kJ mol™*) para MP comercial
e de residual, respectivamente. Além disso, a isoterma de adsor¢ao de a-Naftol em PEAD
comercial e residual ajustada ao modelo de Langmuir (Q,,q,= 42,5 € 27,2 pmol g%,
respectivamente), apresentando valores negativos de AH® (—43,71 e —44,10 k] mol %) e
AS° (0,037 e —0,025 kJ mol ). O estudo da cinética de adsor¢do apresenta um modelo
ndo linear de pseudo-segunda ordem para todos os casos. Os valores de K, seguem a
ordem Me-Naf > Naf > a-Naftol em ambos MP. Portanto, este estudo experimental
fornece novos insights sobre a afinidade de derivados de HPA para uma classe especifica
de MP, ajudando a entender o destino ambiental de MP residual e poluentes organicos.

Palavras-chave: Microplasticos de PEAD, mecanismos de adsor¢éo, derivados de

Naf, grupos funcionais.



ABSTRACT

Title: Physical-chemical study of effects of functional groups on adsorption of
naphthalene and its derivatives onto high-density polyethylene microplastics
Author: Ronaldo Antunes Funari Junior

Academic Advisor: Prof. Dr. Marcelo Barcellos da Rosa

Microplastics (MP) have received great attention due to the mass-produced
residues discharged into the environment. MP are ideal for adhering to organic pollutants
that can be easily dispersed, thus posing risks to human health. Furthermore, little has
been reported on how different functional groups in polycyclic aromatic hydrocarbons
(PAH) derivatives influence the adsorption behavior on MP. To better understand this
process, groups methyl (~CHas) and hydroxyl (—OH) were selected and commercial and
waste high-density polyethylene (HDPE, < Imm) were used as adsorbents, and
Naphthalene (Nap), 1-Methyl-Naphthalene (Me-Nap) and a-Naphthol as adsorbates. The
results showed different behaviors for nonpolar and polar adsorbates. Dispersion forces
were the main type of interaction between HDPE and Nap/Me-Nap, while dipole-induced
dipole forces and H-bonding were the chief interactions involving MP and polar
compounds. Regardless the HDPE source, Nap and Me-Nap have a Type Il isotherm,
and a-Naphthol presents a Type Il isotherm. Nap and Me-Nap fitted to Freundlich
isotherm of an unfavorable process (n = 2.12 and 1.11; 1.87 and 1.31, respectively), with
positive values of AH° (50 and 77.17; 66 and 64.63 kJ mol™) and A4S° (0.070 and 0.0145;
0.122 and 0.103 kJ mol ™) for commercial and waste MP, respectively. Besides, the
adsorption isotherm of a-Naphthol on commercial and waste HDPE fitted to the
Langmuir model (Qmax = 42.5 and 27.2 pmol g2, respectively), presenting negative
values of AH°(—43.71 and —44.10 kJ mol ) and AS° (—0.037 and —0.025 kJ mol%). The
adsorption kinetic study presents a nonlinear pseudo-second-order model for all cases.
The K, values follow the order Me-Nap > Nap > a-Naphthol in both MP. Therefore, this
experimental study provides new insights into the affinity of PAH derivatives for a
specific class of MP, helping to understand the environmental fate of residual MP and
organic pollutants.

Keywords: HDPE microplastics, adsorption mechanisms, Nap derivatives, functional

groups
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MOTIVATION AND OBJECTIVES

This work begins with the analysis of the literature on the adsorption of organic
compounds in polyethylene plastics, published in journals with a high impact factor in
recent decades. With this, it was possible to verify some gaps not yet explored, thus
motivating this work. Most of the literature reports the use of commercial polymeric
adsorbents and not properly residual adsorbents. In addition, the studies carried out use
several aromatic organic pollutants, and very little is explored about their derivatives,
such as the presence of different functional groups. Combining these main factors, this
work seeks to bring the adsorptive study of naphthalene and its derivatives in commercial
and residual adsorbents of high-density polyethylene.

The expected goals for this work

e To investigate the adsorption of naphthalene and naphthalene derivatives with
different functional groups onto high-density polyethylene (HDPE) commercial
and residual microplastics of HDPE.

e Tounderstand the influence of functional groups on the adsorption of these PAH

e To explore the behavior and feasible interactions between MP and Nap and Nap
derivatives, electrostatic surface potential (ESP) analysis was performed.

e To study the behavior of adsorption, isotherm, thermodynamic and kinetic were

performed.
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CHAPTER | - LITERATURE REVIEW

Polycyclic Aromatic Hydrocarbons

PAH are a class of compounds characterized by having condensed aromatic rings.
They constitute an important class of pollutants, leading to significant environmental
problems. These substances, as well as their nitrated and oxygenated derivatives, are
widely distributed and are found as constituents of complex mixtures in the environment.
PAHSs originate from the incomplete combustion or pyrolysis of organic materials, being
released into the environment, ubiquitously, as complex mixtures (Finlayson-Pitts e
James N. Pitts, 2000. These compounds are propagated in numerous places by the
emission of different combustion sources, such as automotive fuels (diesel and gasoline),
biomass burning, wood burning, and residential heating systems. (Finlayson-Pitts e James
N. Pitts, 2000).

PAH have low solubility in water, which is expected due to their non-polar
character. Compounds with two rings are slightly more soluble, with solubility decreasing
with the increase in number of rings. However, from PAH reactions, more soluble
compounds such as nitro-PAH, ketones, quinones, lactones and dicarboxylic acids can be
formed. Due to is lipophilic character and wide environmental distribution, the risk of
human contamination by these substances, together with their derivatives, is high, which
occurs by their absorption through the skin or by ingestion and inhalation, being rapidly
distributed throughout the body. The presence of PAH in the atmosphere occurs in the
form of gases, solids adsorbed or absorbed on the surface of aerosols and by dispersion
between the gaseous and particular phases of semi-volatile compounds with 3 and 4 rings.
In Brazil, studies on PAH and/or B[a]P concentrations, have shown concentrations of
around 0.28 ng m~2 in the urban area of S0 Paulo (Finlayson-Pitts and James N. Pitts,
2000). Table 1 presents some physical and chemical properties of 22 PAHs of importance

for environmental studies.



Table 1: Physical, chemical and physicochemical parameters, at 25 °C, of the main PAHs listed by the US EPA (Adapted from Finlayson-Pitts and James N. Pitts (2000b)).

Vapor pressure Solubility Log Constante de
PAH pL S Kow Henzy (Hzl log Koa
Pa Torr Pa Torr (mg L™ (Pam* mol™)

Nap 104 7,8 x 10 36,8 2,76 x 101 31 3,37 43 5,13
1-MeNap 8,84 6,63 x 102 8,8 6,6 x 102 28 3,87 45 5,61
2-MeNap 9 7x107? 11,2 8,4 x 102 25 3,86 51 -

BP 1,3 9,8x10° 3,7 2,8x1072 7 3,90 29 -

Ace 3x 10t 2x103 15 1,1x 103 3,80 4,00 12,17 6,23

Act 9x10* 6,8 x 10 41 3,1x10%? 16,1 4,00 8,4 -

Flu 9x107? 7 x10* 7,2x 101 54x103 1,90 4,18 7,87 6,68

Phe 2x10? 1,5x10* 1,1x10? 8 x 10* 1,10 4,57 3,24 7,45

Ant 1x10°8 8 x 10 7,78 x 102 5,84 x 10* 0,045 4,54 3,96 7,34

Pyr 6 x 10" 45x10° 1,19 x 1072 8,93 x 10° 0,132 5,18 0,62 8,43

Flt 1,23 x 1073 9,2x10® 8,72 x 10°° 6,55 x 10° 0,26 5,22 1,04 8,60

Chr 5,7x107 4,3x10°6 1,07 x 10 8,03 x 107 0,002 5,75 0,0122 10,44

Trif 2,3x10° 1,7x10% 1,21 x 10 9,1x 107 0,043 5,49 0,012 -

BaA 2,80 x 10°° 2,1x 107 6,06 x 10 4,55 x 10° 0,011 5,91 0,581 10,80

BaP 7,0x 107 53x10° 2,13x10° 1,60 x 107 0,0038 6,04 0,046 10,71

BeP 7,4x107 5,6 x 10 2,41x10° 1,81 x 107 0,004 - 0,020 11,13

Per 1,4x 108 1,1x 101 - - 0,0004 6,25 0,003 11,70

BbF - - - - 0,0015 5,80 - -

BkF 52x 108 3,9x 1010 4,12 x10°® 3,09 x 108 0,0008 6,00 0,016 11,19

BghiPe - - 2,25 x 10° 1,69 x 107 0,00026 6,50 0,075 -

DBA 3,7x 1010 2,8x 1012 9,2x 108 6,9 x 1010 0,0006 6,75 0,00017 13,91

14
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PAHs and their derivatives are present not only in the atmosphere, but also in
street dust, soils and aqueous environments, as well as in living organisms (Yang, Z. Z.
et al., 2015). There are studies aimed at understanding the transport and transformation
of PAHSs in various media, such as atmospheric and aquatic (Manzetti, 2013; Bai et al.,
2014; Wei et al., 2015). It has been noticed that the generation of these compounds by
anthropogenic activities does not only influence the local region, but also other locations,
as they are dispersed throughout the globe, with their deposition occurring in remote
regions such as Antarctica and the Amazon rainforest (Vecchiato et al., 2015). In such
studies, the authors were able to identified which compounds and to what extent they are
carried by the environment, together with the carcinogenic risk of each one, as well as the
environmental risk arising from their presence (Yang, W. et al., 2015).

Exposure to Polycyclic Aromatic Hydrocarbons

The first appearance of chemical carcinogenicity from organic combustion
products was identified in 1775, when chimney sweeps started getting more cancer
diagnoses. Furthermore, years later, this problem was attributed to the presence of B[a]P
in the samples. However, it was experimentally shown that the carcinogenic activity was
not attributed only to B[a]P, but a set of HPA and its derivatives. The PAHs are known
to be persistent organic pollutants (POPSs), are contaminants in general environments and
their excessive exposure can pose risks to the health of humans and animals, and among
the various existing PAHSs, only 16 are listed as priority contaminants US EPA (Table 2).

Resulting from incomplete processes of combustion and pyrolysis of organic
carbons that include coals, oil and biomass, these compounds are present everywhere in
the environment, in soil, food, air, sediments and dust. According to USEPA, seven
compounds are characterized as probable carcinogens, Benzo[b]fluoranthene,
Benzo[k]fluoranthene, Benzo[a]pyrene, Chrysene, [a,h] Anthracene and Indene [1, 2,3cd]
Pyren. Of these, there are three main ways of contamination by PAH in humans:
inhalation, with smoke (actively or passively), ingestion and dermal contact, which cause
an increase in the concentration of such substances in the body (Bansal & Kim, 2015;
Beriro et al., 2016; Galarneau, 2008; Menezes et al., 2015; Nielsen et al., 2015; Ruby &
Lowney, 2012; Xiang et al., 2018).
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Table 2: Physical and chemical properties of the 16 PAH listed by the US EPA and their
respective TEFs

Number of *Carcinogenicity
HPA aromatic rings MW BP IARC/US EPA
Naphthalene 2 128,17 217,9 2B
acenaphthylene 2 152,20 - NC
acenaphthene 2 154,21 279 3
Fluorene 2 166,22 295 3
Anthracene 3 178,23 342 3
Fenantreno 3 178,23 340 3
Fluoranthene 3 202,26 375 3
Pyrene 4 202,26 393 3
Benzo[a]anthracene 4 228,29 400 2B
Chrisene 4 228,29 448 2B
Benzo[b]fluoranthene 4 252,31 - 2B
Benzo[k]fluoranthene 4 252,32 480 2B
Benzo[a]pyrene 5 252,32 496 1
Dibenzo[a,h]anthracene 5 278,35 524 2A
Indeno[1,2,3-d]pyrene 5 276,34 536 2B
Benzo[ghi]perylene 6 276,34 545 3

MW- Molecular Weight . BP- Boiling Point. *Carcinogenicity to humans: 1 = carcinogenic to humans and
animals; 2A = probable human carcinogen — limited in humans and sufficient in animals; 2B = possible
human carcinogen — limited evidence in humans and insufficient evidence in animals; 3 = not classified as
carcinogenic in humans; NI = not included.

The exposure to PAH is linked to several health effects including toxicity and
carcinogenicity. Effects such as inflammation (Ferguson et al., 2017), infertility, fetal
malformation (Sexton et al., 2011), oxidative stress (Wang et al., 2015) and
cardiovascular disease (Jomova et al., 2012). Short-term effects of exposure to PAHs tend
to manifest in the form of skin irritation, nausea and vomiting, and inflammation (Kim et
al., 2013). On the other hand, long-term exposures tend to be more violent and carry
greater risks, such as various types of cancer, DNA and RNA protein damage, and gene
mutation (Kim et al., 2013; Moorthy et al., 2015).
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Effects of long-term exposure to PAH

Table 3, shows data about carcinogenicity, genotoxicity and mutagenicity of
some PAH and its derivatives. Reactive metabolites of some PAH have greater health
effects due to their potential interaction with cellular DNA and proteins. This type
biochemical dysfunction together cell damage leads to mutations, development of
malformations, tumors and cancers. Furthermore, PAHs have the potential to interfere
with hormonal systems, having unhealthy implications for reproduction and immune
function. As such, DNA damage induced by PAH exposure has been demonstrated by
several authors. Accordingly, polycyclic aromatic hydrocarbons become carcinogenic
following activation by metabolizing enzymes to reactivate biotransformation products,
which attack cellular DNA. Thus, this change in the DNA sequence in genes that regulate
cell replication may increase the possibility of cancer and other diseases reported in
several studies in the literature. The result of the mutagenic biotransformation of PAHs
includes substances such as diol, epoxides, quinones and HPA radical cations that
coordinate with DNA forming bulky complexes called DNA adducts (Ewa & Danuta,
2017).

Table 3: relative data to carcinogenic, genotoxic and mutagenic effects os some PAH and
its derivatives.

PAH Carcinogenicity ~ Genotoxicity Mutagenicity
Fluorene I L -
Phenanthrene I L +
Anthracene N N -
Fluoranthene N L +
Pyrene N L +
Benzofluorenes I I NI
Benzofluoranthenes S I +
Cyclopental(cd)pyrene L S +
Benzo(a)Anthracene S S +
Chrysene L L +
Triphenylene I I +
Benzo(e)Pyrene I L +
Benzo(a)Pyrene S S +

Perylene I I +
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Indene(1,2,3—d) Pyrene S | +
Dibenz(ac)Anthracene L S +
Dibenz(a)Anthracene S S +
Dibenz(aj)Anthracene L I +
Benzo(ghi)Perylene I I +
Anthracene L I +
Coronene I I +
Dibenzo(ae)Fluoranthene L N
Dibenzopyrenes S I +
2-nitronphthalene N -
1-nitropyrene I S +
Dinitropyrene +
Data avaible for effect comprovation: S= sufficient; I: insufficient; L: limited; N: non

carcinogenic. Genotoxicity was evaluated by DNA deterioration tests; chromosomal aberration,

mutagenicity. Mutagenicity (Ame tests): + (positive); — negative; NI= not included.

The exposure of women during the gestational period to PAHSs is of special
importance, since in this way the fetus is exposed to such compounds. The brain
development process during pregnancy is extremely vulnerable and such premature
exposure can result in brain damage (Schroeder, 2011). Among the reported effects
during pregnancy that negatively affect the fetus are abnormal weight and head
circumference, low levels of estradiol and testosterone in umbilical cord serum. The
toxicity of PAHs present in the pregnant woman's body has also been related to cases of
abortion. Prenatal exposure, or even during the first years of the child's life, is also related
to cases of growth failure and the development of behavioral problems, such as attention
deficit hyperactivity disorder (ADHD) (Jedrychowski et al., 2015).

These effects in adult men can lead to atrophy in the testicles and a decline in
sperm quality, as well as decreased testosterone levels. In the West, colon cancer (part of
the large intestine) is very common, influenced mainly by environmental factors, without
significant participation of family history or sporadic genetic damage being noticed. Diet
is one of the main factors leads to susceptibility to gastrointestinal cancer, mainly due to
chemical contaminants present in food. Because they easily accumulate in soil, food
contamination by PAH occurs in virtually any culture medium, and their presence in the

intestinal tract favors the development of tumors. Ingestion of HPA, by whatever route,
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may also influence the modulation of drug transporter proteins, plasma proteins, the
action of enzymes responsible for drug metabolism and can also cause liver damage.
Thus, exposure to PAH ends up influencing the body's response to medications,

interfering in the fight against diseases (Diggs et al., 2011).

Microplastics and interactions with polycyclic aromatic hydrocarbons

Microplastics (MP) are defined as particles of <5 mm of diameter, having has
characteristics such as hydrophobicity and large surface area. These materials are
commonly used on manufacture and needs basic. The global utilization of plastic
increased over decades, and the main polymers types utilized are (PE), polypropylene
(PP), polyvinyl chloride (PVC), polystyrene (PS), and polyamide (PA, commonly known
as nylon) (Prajapati et al., 2022 and Mei, et al., 2020). Generally, plastics are dispersed
in the environment due to large production and irregular disposal. In 2018 the production
of plastic registered 359 million of tons (MT) and can double in 20 years (Andrady 2019).
In the environment, theses tones of plastics are affected by weathering through physical
and chemical degradation, generating MP, which are widely distributed in ecosystems,
manly in the marine environment. On the other hand, the MP can act as carriers for
organic pollutants present in the aquatic system. However, MP-sorbed organic
compounds can cause ecological risks to organisms through MP ingestion. The process
where organic compounds are fixed in MP surface is known as adsorption. Furthermore,
about 16 PAHSs have been reported in the Bohai and Huang Hai Seas, in China, in surface
waters, reaching concentrations of 3400—119,000 ng g—1 in MP (Mai et al., 2020). MP
have some interactions mechanisms with Persistent Organic Pollutants (POP), such as
PCBs and organochlorine pesticides and PAH, for example. Hydrophobic organic
contaminants (HOC) interact with MP via hydrophobic interactions, and this interaction
can be influenced by some of MP’s characteristics, such as polymer type and crystallinity,
size and shape, age of plastics, degree of weathering and color (Prajapati et al., 2022; Mei
et al., 2020). The main interactions involving MP and PAH are n-x, van der Walls forces,
hydrophobic and H-bonding interactions (Liu et al., 2019).

Table 4 shows some polymers and their structure, besides glass transition
temperature (Tg). Due to all of these factors, studies involving MP, HOC and PCBs will

help in the understanding of the effects that these possess on global environment.

Table 4: Density and Glass transition temperature for some polymers



20

Polymer type Structure T4(°C) Density (g cm™)
High-density polyethylene —(CH2-CH2)n— -125 0.94 t0 0.97
(HDPE)
Polypropylene (atactic) —[CH2-CH(CH3)]n- —-20to—35 0.85t00.94
Polyamide (Nylon 6,6) — [CO(CH2)5NH]n- 50 to 60 1.13t0 1.15
Polyvinyl chloride (PVC) —(CH2-CHCI)n- 65 to 85 1.16t0 1.20
Polyethylene terephthalate (C10H804)n 70 to 80 1.34t01.39
(PET)
Polyvinyl alcohol — [CH2CH(OH)]n— 80 to 90 1.19
Polypropylene (isotactic) —[CH2-CH(CH3)]n- 100 0.92
Polystyrene (PS) —[CH2-CH(C6H5)]n— 90 to 110 1.04 to 1.09
Polytetrafluoroethylene —(CF2-CF2)n— 120 to 130 2.2
(PTFE)
Polyurethane (PU) —RNHCOOR' - 120 to 160 1.2
Polyacrylamide —[CH2 = CH-CONH2] - 160 to 170 111

Prajapati et al., 2022
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CHAPTER Il — Adsorption of naphthalene and its derivatives onto high-density
polyethylene microplastic: Computational, isotherm, thermodynamic, and Kinetic

study

Chapter Il comprises the article of this dissertation, focused on the adsorption of
Naphthalene and its derivatives with functional groups methyl (—CHs) and hydroxyl
(—OH) onto commercial and waste high-density polyethylene (HDPE) microplastics
(MP). This work including a detailed computational, isotherm, thermodynamic and
kinetic study of mechanisms involving HDPE-PAH interactions and approach the
influence of functional groups on adsorption behavior, that little is reported based on

literature.
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Abstract

Microplastics (MP) have received great attention due to the mass-produced residues
discharged into the environment. MP are ideal for adhering to organic pollutants that can
be easily dispersed, thus posing risks to human health. Furthermore, little has been
reported on how different functional groups in polycyclic aromatic hydrocarbons (PAH)
derivatives influence the adsorption behavior on MP. To better understand this process,
groups methyl (—CHzs) and hydroxyl (—-OH) were selected and commercial and waste
high-density polyethylene (HDPE, < 1mm) were used as adsorbents, and Naphthalene
(Nap), 1-Methyl-Naphthalene (Me-Nap) and a-Naphthol as adsorbates. The results
showed different behaviors for nonpolar and polar adsorbates. Dispersion forces were the
main type of interaction between HDPE and Nap/Me-Nap, while dipole-induced dipole
forces and H-bonding were the chief interactions involving MP and polar compounds.
Regardless the HDPE source, Nap and Me-Nap have a Type Il isotherm, and a-Naphthol
presents a Type Il isotherm. Nap and Me-Nap fitted to Freundlich isotherm of an
unfavorable process (n =2.12 and 1.11; 1.87 and 1.31, respectively), with positive values
of AH° (50 and 77.17; 66 and 64.63 kJ mol 1) and 45° (0.070 and 0.0145; 0.122 and 0.103
kJ mol™?) for commercial and waste MP, respectively. Besides, the adsorption isotherm
of a-Naphthol on commercial and waste HDPE fitted to the Langmuir model (Quax =
42.5 and 27.2 umol g2, respectively), presenting negative values of AH°(—43.71 and
—44.10 kJ mol™?) and 4S° (-0.037 and —0.025 kJ mol1). The adsorption kinetic study
presents a nonlinear pseudo-second-order model for all cases. The K, values follow the
order Me-Nap > Nap > a-Naphthol in both MP. Therefore, this experimental study
provides new insights into the affinity of PAH derivatives for a specific class of MP,
helping to understand the environmental fate of residual MP and organic pollutants.

Keywords: HDPE microplastics; Adsorption mechanisms; Nap derivatives; Functional
groups
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2.1 INTRODUCTION

Large-scale production of polymer in the last decades arises from the increased
demand, for its versatility enables it to be used in several products, sectors, and
commercial packaging. The increased consumption most often results in irregular
polymer waste disposal into riverine systems and, consequently, into seas the oceans. The
global annual input of polymer into oceans has been estimated to be between 1.15 and
2.4 million tons (Mei et al., 2020). Polyethylene terephthalate (PET) is the most
commonly produced polymer worldwide, followed by high-density polyethylene (HDPE)
(Issac and Kandasubramanian, 2021). However, polyethylene-based products like HDPE
are the dominant type of waste in aquatic environments (Ekvall et al., 2022; Schwarz et
al., 2019). When deposited in the environment, this trash is directly affected by climatic
processes, such as physical degradation, thus generating smaller particles, the
microplastics (MP), which are characterized by being less than 5mm in size (Andrady,
2017). They accumulate and persist in water, consequently contaminating drinking-water
sources and the atmosphere, thus easily entering the human body via the digestive and
respiratory systems (Coyle et al., 2020; Horton et al., 2017; Kane and Clare, 2019; Liu et
al., 2019; Schwarz et al., 2019; Szewc et al., 2021).

Due to properties like hydrophobicity and surface area, MP have affinity for toxic
organic pollutants including herbicides, insecticides, and mainly polycyclic aromatic
hydrocarbons (PAH). These substances accumulate on the surface of MP by adsorption
and disperse in the environment(Liu et al., 2019; Yu et al., 2020). When ingested or
inhaled by humans, such compounds may desorb in the organism and generate health
problems such as hormonal, immunological, neurological, and reproductive dysfunctions
(Liu etal., 2019; Saad et al., 2019).

PAH have two or more condensed aromatic rings, are chemically stable, and
potentially carcinogenic, teratogenic, and mutagenic to humans (Ewa and Danuta, 2017,
Jomova et al., 2012; Kim et al., 2008; Moorthy et al., 2015; Sexton et al., 2011; Wang et
al., 2015). The MP serve as a means for these compounds to migrate from one
environment to another when inhaled or ingested by living organisms, including humans.
The presence of polyethylene particles in human lung tissue has been reported (Amato-
Lourenco et al., 2021). Sgrensen et al. (2020) mentioned that MP-sorbed organic
compounds are an alternative route of exposure to such chemicals in the marine

environment. For example, Mai et al. (2018) reported the presence of 16 PAH in MP
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collected from seawater in Bohai and Hunghai, China. Usually, adsorption of PAH onto
MP occurs due to the hydrophobicity (octanol-water coefficient, Kow) of PAH and
characteristics of MP as type, surface area and structure (Jiang et al., 2022).

PAH molecules are ubiquitously found in the environment (Mai et al., 2018), and
their main source is combustion of fossil fuels. Naphthalene (Nap) derivatives with
functional groups are relatively widespread (Lin et al., 2009). Nap derivatives with methy!l
(—CHs) and hydroxyl (—OH) functional groups are the most emitted PAH, mainly from
mobile sources as gas- and diesel-powered vehicles (Lin et al., 2009). Nap and 1-Methyl-
Naphthalene (Me-Nap) have been detected in the atmosphere of Los Angeles city at
concentrations of about 2.5ug m™3, and in surface waters particularly after irregular or
accidental oil spills (Bytingsvik et al., 2020; Wang et al., 2007). Owing to their greater
potential for interaction with human DNA, Nap derivatives such as « and B-Naphthol are
even more toxic than the precursor molecule (Ding et al., 2021; Qin et al., 2020).

PAH adsorption studies have been performed with some types of MP to
understand the mechanism and behavior related to this process; nevertheless, such
evaluations consider simple PAH structures, solely composed of carbon and hydrogen
(Wang et al., 2019; Zhao et al., 2020). There is still a lack of information concerning the
effect that the presence of functional groups may have on PAH adsorption onto MP,
especially HDPE. In this study, batch adsorption experiments were conducted to assess
the effects on the isotherms, thermodynamics, and kinetics of adsorption of Nap and its
derivatives (Table S1) onto waste HDPE versus commercial HDPE. In addition,
electrostatic surface potential (ESP) analysis was carried out to explore this behavior and
the feasible interactions between MP and Nap as well as its derivatives.
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2.2 MATERIALS AND METHODS

2.2.1 Adsorbents and Adsorbates

Nap (99%, cas n° 91-20-3) and Me-Nap (95%, cas n°® 90-12-0) were obtained from
Sigma Aldrich® (St. Louis/USA), and a-Naphthol (99%, cas n° 90-15-3) and p-Naphthol
(98%, cas n° 135-19-3) were acquired from Dinamica®. Commercial HDPE (180 pm)
was purchased from Sigma Aldrich® (St. Louis/USA) and waste HDPE was sourced from

domestic packaging.

2.2.2 Preparation of working solutions

The stock solutions of Nap, Me-Nap, a-Naphthol and p-Naphthol were prepared
in ultrapure water at 150 pmol L™ (pH=6.5) and placed in ultrasonic bath for 80 min to
ensure complete solubility of the molecules. The analytical curves are shown in Fig. S1.
The spectra of the molecules were obtained for UV-vis using a spectrophotometer system
Perkin Elmer Lambda 16 double beam with a 10 mm quartz cell according to the specific
wavelengths of Nap, Me-Nap, a-Naphthol and B-Naphthol: 277, 283, 334 and 283 nm,
respectively. The pH study was made adding 1 ml of HCI solution (0.1M, pH=2) and a
buffer solution (pH=11.04) in a-Naphthol and p-Naphthol solutions.

2.2.3 Preparation of waste polyethylene adsorbent

HDPE containers for cleaning chemical products were used to prepare waste
HDPE. The packages were subjected to milling in a Knife Mill (Brand Kie, Louveira,
Brazil). The material was then passed through a sieve to standardize the diameter of the
particles (1 mm) used in the adsorption process. Subsequently, it was washed with
methanol HPLC/UV grade (99%, Sigma Aldrich®, St. Louis/lUSA), filtered, dried in
45°C, and stored in glass vials.

2.2.4 Characterization of adsorbents

The adsorbents were characterized to determine the surface area via the
Brunnauer-Emmett-Teller (BET) method. Morphological characterization was performed
by scanning electron microscopy (SEM) (Tescan, VEGA-3G, Czech Republic) coupled
with a secondary electron detector (SE) for imaging. The samples were coated with gold

(sputtering metallization process, using a current of 30 mA for 120 seconds - Desk V
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from Denton Vacuum) to carry out the analyses. Fourier transform infrared spectrometry
(FTIR) was performed using a Bruker VERTEX 70 spectrometer equipped with diamond
crystal ATR accessory, in the spectral window from 4000 to 400 cm™t. Raman
spectroscopy analyses were conducted on a Bruker Senterra confocal Raman microscope

using the 785 nm laser in the region of 3500-50 cm ™.

2.2.5 Electrostatic surface potential analysis

Electrostatic surface potential (ESP) analysis was conducted to show the
molecular polarity of Nap and its derivatives. The molecular structures of Nap and its
derivatives were first drawn in GaussView 6.0 and optimized by Gaussian 09W using the
DFT model at the B3LYP/6-311G** basis set. After selecting the correspondent
parameters, data on the molecular dipole moments were rapidly given by software in

database file format.

2.2.6 Adsorption assays

Adsorption isotherm experiments were performed in triplicate at room
temperature (25 £ 1°C) for 24h under constant stirring on an orbital shaker (200 rpm),
with 0.5 g of commercial and waste HDPE MP and 100 mL of the individual solutions of
Nap, Me-Nap, a-Naphthol and B-Naphthol at a concentration range of 40 to 150 pumol L~
1 (Eq. S2-S9) (Chen et al., 2022). Thermodynamic experiments were conducted from the
adsorption isotherms at four temperatures (283.15, 298.15, 308.15 and 318.15 K) and
calculated by Eq. S10-S14 (Gonzélez-Lopez et al., 2022). The Kinetic adsorption
experiments used Nap, Me-Nap and a-Naphthol at an initial concentration of 150 pmol
L, which was placed under constant stirring on an orbital shaker (200 rpm); 3 mL
aliquots were collected at the indicated time intervals for 300 min. The measurements
were performed using a Perkin EImer Lambda 16 spectrophotometer system operated in
double beam mode with a 10 mm quartz cell. The adsorption tests were evaluated for
spectrum signal decay in the defined wavelength, and the amount of removed PAH (ge)
was calculated by Eqg. S1. Nonlinear fitting was performed with the Solver package in
Microsoft Excel, employing the Root Mean Square Error (RMSE) as the parameter to be
minimized (Tran et al., 2017).
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2.3 RESULTS AND DISCUSSION

2.3.1 Characterization of adsorbents

The morphology of commercial and waste HDPE MP is shown by SEM images
(Fig. 1). The rougher surface and greater porosity of commercial HDPE compared with
waste HDPE were also confirmed by a higher BET analysis for specific surface area, pore
volume and pore size of commercial HDPE comparing with waste HDPE. A more porous
surface may be seen at 5000-15000X (Fig. 1a-d). At the same magnification, the presence
of roughness may be observed in different regions of the waste HDPE (Fig.1c-d). Similar
morphologies had been previously reported (Li et al., 2021; Wang et al., 2021). The BET
analysis indicated that commercial HDPE has a total BET surface area of 2.8191 m? g%,
and pore volume and pore size of 0.020450 cm® gt and 290.1561 A, respectively. Waste
HDPE presented BET surface area and pore volume very near the detection limit of the
equipment, and the pore size was too small: 0.1749 m? g2, 0.000057 cm® g tand 13.0910
A, respectively. Although the hydrophobicity of HDPE was not characterized, the
measured characteristics and general properties of this polymeric material reveal indirect
information; for example, it is highly hydrophobic based on its fully linear molecular
structure, favoring interactions with hydrophobic organic compounds (Zhao et al., 2020).
The crystalline structure of MP is also an important factor for the adsorption of
hydrophobic organic contaminants (HOC). HDPE has a degree of crystallinity of about
80-90%, and is classified as a polymer with rubbery subfraction characteristics (Mei et
al., 2020). Recent studies indicate that MP with predominantly crystalline regions adsorb
more HOC at low concentrations; moreover, MP with characteristics of rubber
components show a higher adsorptive capacity due to the abundant free volume between
the molecular chains (Velez et al., 2018; Wang et al., 2019b; Zuo et al., 2019).

The FTIR spectra of both commercial and waste HDPE basically show the same
peaks (Fig. 2b), being symmetric and asymmetric CH stretching (2915 cm™ and 2848
cmL, respectively), CH, bending at 1471 cm™, and split CH2 rocking vibrations (730
cm tand 717 cm™) (Dilshad et al., 2022; Karlsson et al., 2020). The infrared peaks are
characteristic of HDPE, differing from low-density polyethylene (LDPE) in the
proportion of 1471 cm™ peak and a very small peak in 1369 cm™ (CHs umbrella
bending), indicating a small amount of terminal methyl groups (Karlsson et al., 2020).
The splitting in the CH> rocking vibrations (in-plane and out-of-plane) indicates regions
of crystallinity in the HDPE (Smith, 2018). Raman analysis shows relevant peaks mainly
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in the 1500-1000 cm™ region (Fig. 2a). The anti-symmetric (1062 cm™) and symmetric
(1129 cm™1) C-C stretching modes of the skeletal chains and the broad weak peak around
1080 cm ™ assigned to the C—C stretching mode of the amorphous chains are characteristic
of HDPE (Strobl and Hagedorn, 1978). The strong band observed at 1295 cm™ is
assigned to the CH. twisting modes of the crystalline chains (Sato et al., 2002). A weak
CHs wagging peak appears at 1369 cm ™ (Furukawa et al., 2006). Three distinctive peaks
around 1400 cm™* are assigned to the CH> bending modes. The narrow doublets situated
at 1416 and 1440 cm™* are assigned to the CH, bending in the orthorhombic crystal; the
band located at 1462 cm™ is assigned to the CH, bending modes of the melt-like
amorphous chains (Furukawa et al., 2006; Strobl and Hagedorn, 1978).

Figure 1: Scanning electron microscopy for (a) commercial HDPE (5000x); (b)
commercial HDPE (15000x); (c) waste HDPE (15000x%); and (d) waste HDPE (15000x).
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Figure 2: Raman (a) and FTIR (b) spectra for commercial (blue lines) and waste (red
lines) HDPE MP.

2.3.2 Computational model for the adsorption study

The ESP can reflect the density of balanced and unbalanced charge distribution
on a molecular surface (Lu and Chen, 2012). The surface charge can indicate the feasible
interactions between adsorbate and adsorbent: hydrophobic effect, van der Waals force,
hydrogen bonding and 7-x stacking (Prajapati et al., 2022). In Nap and Me-Nap (Fig. 3a-
b), areas with negative potential may be observed inside the molecules (in red) due to the
greater electronegativity of the aromatic rings compared with the hydrogens; there are
also areas with positive potential distributed outside the molecules (in blue). In
comparison, Nap and its derivatives with functional groups induced some negative or
positive charges in the molecules (Fig. 3b-f).

Nap and its derivative with uncharged functional group (Me-Nap) demonstrated a
better adsorption capacity than the derivatives with charged functional groups (a-
Naphthol and B-Naphthol), whose adsorption onto HDPE MP is inhibited due to
decreased hydrophobicity and increased solubility (Yu et al., 2020). In addition, as
regards adsorption of micropollutants onto activated carbon, properties such as LogKow
showed a better correlation for hydrophobic than hydrophilic compounds (Nam et al.,
2014). Therefore, hydrophobicity also plays a decisive role in the adsorption process of
PAH on MP. Recent investigations disclose that this property is directly linked to the
adsorption of pollutants on MP (Kinigopoulou et al., 2022; Luo et al., 2022; Mateos-
Cardenas et al., 2021). It is directly indicated by the values of LogKow, which were higher
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for Nap and Me-Nap than for a-Naphthol and B-Naphthol (Table S1). Substances showing
high values of LogKow adsorb more hydrophobic compounds that have a weak interaction
with water, such as PAH with two or more aromatic rings (Huffer and Hofmann, 2016;
Wang et al., 2018; Yu et al., 2020).

The dipole moment () may also be used to explain this behavior. The u values
for Nap, Me-Nap, a-Naphthol, deprotonated a-Naphthol, B-Naphthol and deprotonated
B-Naphthol were calculated by GaussView: 0.0004D, 0.38D, 1.72D, 5.66D, 1.84D and
7.47D, respectively. The charge of the functional groups causes a variation in the polarity
of PAH. High p values indicate more polar molecules, which means that these molecules
form hydrogen bonds with water; this affinity is so strong that it is difficult for the
adsorbate to migrate from the solution to the surface. This may explain why the amounts
of adsorbed (q;) Nap and Me-Nap are greater than those of a-Naphthol (Fig. 5). The fast
rates of Nap and Me-Nap adsorption may be attributed to the absence of charged
functional groups and low molecular polarity (Kronberg, 2016; Mei et al., 2020; Nam et
al., 2014; Prajapati et al., 2022). As shown in Fig. 3a-b, Nap and Me-Nap have a negative
charge density in benzene rings, implying that they bind to MP through hydrophobic
interactions, which is the main mechanism of adsorption involving HDPE. n-7t stacking
may also occur; nevertheless, this is a weak form of interaction (Huffer and Hofmann,
2016; Prajapati et al., 2022). The van der Waals force is predominant in the deprotonated
a-Naphthol (Fig. 3e), which is a less hydrophobic compound. Nonetheless, the potentially
negative surface charge of the molecule can interact with HDPE by hydrogen bonding.
van der Waals and H-bonding forces are weaker than n-m and hydrophobic interactions,
thus explaining the results obtained for Nap and Me-Nap, in which the hydrophobic effect
predominates (Prajapati et al., 2022; Torres et al., 2021).
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Figure 3: ESP distributions (a) Naphthalene; (b) Me-Naphthalene; (c) a-Naphthol; (d) «
-Naphtholate;

2.3.3 Adsorption isotherms

The adsorption isotherms allow a better understanding of the adsorption
mechanisms. Different isotherm models (Eg. S2-S9) were tested in order to verify the
maximum adsorption capacity of PAH onto commercial and waste HDPE. The shape of
the equilibrium curve helps explaining certain phenomena associated with the adsorbate-
adsorbent interaction. The findings indicate that adsorption of Nap and Me-Nap on
commercial and waste HDPE results in Type 111 isotherms, described by the Freundlich
isotherm (Table 5), based on linear fitting (Table S2 and Fig. S3) and nonlinear curves
(Fig. 4a-b). Adsorption is unfavorable when n > 1 in the Freundlich isotherm, which is
convex shaped curve (sigmoidal isotherm). Therefore, monolayer formation cannot be
identifiable, the adsorbent-adsorbate interactions are relatively weak, and the adsorbed
molecules are clustered around the most favorable sites on the surface of a nonporous or
macroporous solid (Thommes et al., 2015). Thus, no significant adsorption takes place at
low concentrations (Franco et al., 2014; Nassar et al., 2014). Such classification is in
accordance with Wang et al. (2019), who revealed unfavorable isotherms in the process
of Nap adsorption onto some mesopolymers and microplastics. The Langmuir plots for
Nap and Me-Nap presented R, =1, calculated from Eq. S4. A linear isotherm shape was
demonstrated, thus not being able to show a maximum adsorption capacity of these PAH.
This indicates that the amount adsorbed is proportional to the concentration of PAH (Fig.
S4). The shape and curvature of the isotherms can be related with the Freundlich exponent
(n) and the separation factor (R;) (Table S3).
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The a-Naphthol and B-Naphthol molecules are very sensitive to pH variation,
undergoing a wavelength shift of about 40 and 8 nm, respectively (Fig. S5) (Rahim et al.,
2016). The adsorption isotherms of a-Naphthol have a good increase in pH > 9.5;
however, they are nearly invariable at lower pH values (Fig. S6). No significant changes
in concentration values were seen for f-Naphthol adsorption onto HDPE; therefore, there
was no effective adsorption with pH variation, and it was not possible to calculate the
isotherm parameters. The improvement in a-Naphthol adsorption at pH > 9.5 was due to
the pKa of 9.4; thus, above this pH value, there is a purely deprotonated species in the
form of a-Naphtholate (Fig. 3d) that favors adsorption on HDPE by hydrogen bonds and
van der Waals interactions. The different behavior of B-Naphthol and -Naphtholate (Fig.
S2) results from the greater interaction of the molecules with the water used as solvent
via hydrogen bonds. The position of the O~ group attached to the second carbon of the
aromatic ring (B-Naphtholate) is less hindered than that of the group attached to the first
carbon (a-Naphtholate), as it suffers little influence from the adjacent aromatic ring. This
explains the greater pu value of B-Naphtholate and, consequently, the higher solubility in
water. As it was not possible to determine the adsorption parameters of -Naphthol, this
molecule will not be dealt with hereafter. The charged derivative compound, a-Naphthol
adsorbed onto HDPE presents Type 1l isotherms, characteristic of the physisorption on
nonporous or macroporous adsorbents, described by the Langmuir isotherm. The
unrestricted monolayer-multilayer adsorption at high concentrations gives a convex
curve, while Point B in the concave part usually corresponds to the completion of a
monolayer. R;<1 showed that the adsorption process was favorable and occurred
normally; nevertheless, the Q,,4, Value was low in experiments with waste HDPE (Table
1).



Table 5: Nonlinear isotherm parameters
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Figure 4: Nonlinear isotherms for Nap, Me-Nap and a-Naphthol onto (a) commercial and
(b) waste HDPE. Dotted lines represent the Freundlich isotherm fitting and dashed lines
represent the Langmuir isotherm fitting.

The Dubinin-Radushkevich (D-R) isotherm was tested and the results were poor

in comparison with those found with the other models applied; the experimental points
did not fit into the D-R isotherm model (Fig. S8). The D-R isotherm explains the effect

of the porous structure of an adsorbent (Tran et al., 2017) and, as presented in section of

Characterization of adsorbents, BET and SEM analyses reveal that the presence of pore

is almost negligible, and the surface of the adsorbents is practically smooth. Therefore,
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this isotherm is not suitable to explain the adsorption behavior of PAH on commercial
and waste HDPE.

2.3.4 Adsorption thermodynamics

The thermodynamics study provides information about the nature of the
adsorption process with temperature changes through thermodynamic parameters as AG°,
AH® and AS° calculated by (Eq. S10-S14). These parameters were calculated from the
adsorption isotherms of Nap, Me-Nap and a-Naphthol on commercial and waste HDPE
at four temperatures: 283.15, 298.15, 308.15 and 318.15K. Values of K. were obtained
by Equations S13 and S14 for Nap, Me-Nap and a-Naphthol. The slope and intercept of
the plot of In K versus 1/T (Figure S10) are —AH°/R and AS°/R, respectively.

Table S4 shows the thermodynamic parameters for adsorption of Nap and its
derivatives. The AG° values obtained for Nap and Me-Nap adsorption onto commercial
and waste HDPE at four temperatures are positive, indicating that the process was weakly
favored as the temperature increased and that it was nonspontaneous (Lim and Kim,
2017). The AH® values of adsorption onto commercial and waste HDPE are, respectively:
50.06 and 77.17 kJ mol! for Nap, and 66.07 and 64.63 kJ mol™* for Me-Nap; the AS°
values are, respectively: 0.070 and 0.145 kJ mol™* for Nap, and 0.122 and 0.103 kJ mol ™
for Me-Nap. This agrees with what is stated in section of Adsorption isotherms: the
isotherms were unfavorable for adsorption onto both HDPE. It demonstrates weak
adsorbent-adsorbate interactions, and the findings obtained for AG°® and AH° indicate a
nonspontaneous endothermic adsorption process. The endothermic characteristic can be
described by considering that the molecules of Nap and Me-Nap lose part of their
hydration layer when adsorbed. This process consumes energy, which exceeds the energy
released when PAH binds to the adsorbent surface (Anastopoulos and Kyzas, 2016; Yang
et al., 2010). Moreover, the positive AS° value indicates that the total degree of freedom
in the system increases with PAH adsorption. This is in keeping with the results found by
Saleh et al. (2022), who disclosed positive enthalpy and entropy values when assessing
the adsorption of Nap and fluorene on polymer modified carbon. Differently, Long et al.
(2009) observed a high-exothermic adsorption enthalpy for Nap adsorption onto
microporous and hypercrosslinked polymeric adsorbent. When hydrophobic molecules
are dissolved in water, the H.O molecules tend to create cages or cavities around the

hydrophobic solute (Fisicaro et al., 2004). This process creates numerous H,O-H>O
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interactions to energetically compensate the lack of solute-H>O interactions. However, a
high organization of several water molecules is required, thus reducing the total entropy
of the system (Fisicaro et al.,, 2004; Kronberg, 2016), i.e., the solubilization of
hydrophobic molecules in water tends to reduce the entropy.

In contrast, the AG° values for a-Naphthol adsorption onto commercial and waste
HDPE are negative and decrease as the temperature rises, thus indicating a spontaneous
process. This is in line with the statement given in section of Adsorption isotherms: R; <
1 results in favorable adsorption. Nonetheless, the process is least favored at a higher
temperature. The negative AH° values obtained for a-Naphthol adsorption onto
commercial and waste HDPE, —43.71 and —44.10 kJ mol™, respectively, suggest an
exothermic adsorption process; the AS° values are also negative, —0.037 and —0.025 kJ
mol 1, respectively, thus implying a low degree of freedom (Lim and Kim, 2017). This is
consistent with what has been found by Zhao et al. (2011) when studying a-Naphthol
adsorption on sulfonated graphene nanosheets, indicating a spontaneous and endothermic
process.

In general, entropy seems to be the determinant factor in the temperature
dependence of the adsorption process of the hydrophobic (Nap and Me-Nap) and
hydrophilic (a-Naphthol) PAH. Adsorption of hydrophobic PAH is endothermic, but the
entropy is positive, since the organized water cavities are undone (Alaee et al., 1996). The
process of a-Naphthol adsorption is exactly the opposite: negative AH° and AS°entropy.
Therefore, temperature dependence of the term — T x AS° makes the entropy signal
determinant for the adsorption K, to be directly or inversely proportional to temperature
(Syamala and Wirthner, 2020).

2.3.5 Adsorption kinetics

Fig. 5 demonstrate the PSO adsorption kinetics of Nap, Me-Nap and a-Naphthol
on commercial and waste HDPE. In this study, three kinetic models were applied to
analyze the experimental data: pseudo-first-order (PFO), pseudo-second-order (PSO) and
intraparticle diffusion (ID) (Eq. S15-19). The kinetics of PFO and PSO were selected
because they are widely used in processes of adsorption of solute from a liquid solution,
being based on the adsorption capacity of the solid (Hu et al., 2022). The results indicate
that Nap and its derivatives present distinct equilibrium times due to the presence of

different functional groups.
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The experimental data (qe exp) efficiently fitted to the PSO kinetic model; the
findings were all based on the nonlinear model calculated from Eq. S17, showing (ge exp)
values very close to the nonlinear PSO fit (Fig. 5). The linear kinetic parameters were
also calculated (Table S6), and the R? values are given as supplementary information.
Therefore, the nonlinear PSO model is more appropriate for calculating the kinetic,
presenting insignificant systematic error (Bullen et al., 2021; Tran et al., 2017). Table S5
shows the nonlinear Kinetic parameters; the amount adsorbed in equilibrium (ge) and the
nonlinear K, values follow the order Me-Nap > Nap > a-Naphthol. Furthermore,
according to the scientific literature, the PSO model better describes the adsorption
mechanism of two-ring PAH, and generally describes most adsorption Kkinetic
experimental data adequately (Long et al., 2009; Meng et al., 2016; Yu et al., 2020). The
PFO model did not describe the experimental data for adsorption of Nap and its
derivatives on both HDPE, seen by the experimental data not being close to the PFO fit
in accordance with the nonlinear PFO plot (Fig. S11-12). The unknown parameters
(g. and K;) constitute a problem as regards the application of the linear PFO equation,
which is only appropriate for the first 30 min (Tran et al., 2017).

In the ID model, the adsorbate diffuses into the pores of the adsorbent. In a solid-
liquid sorption process, adsorbate transfer is often characterized by film diffusion (also
known as external diffusion), surface diffusion and pore diffusion, or combined surface
and pore diffusion. In summary, adsorption is governed by ID if a plot of gt versus t/2
is linearly fitted and passes through the origin (Fu et al., 2021). The results obtained for
the kinetics of Nap and Me-Nap were poorly described by the ID model (Table S5 and
Fig. S13). The values of R? were low, between 0.5-0.8, if compared with those of the
linear PSO (0.999) (Fig. S13). Comparing to Nap and Me-Nap, a-Naphthol showed
relatively high R? for adsorption onto commercial and waste HDPE: 0.9811 and 0.9787,
respectively.
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Figure 5: Pseudo-second-order plot. (a) PAH adsorbed onto commercial HDPE; (b) PAH
adsorbed onto waste HDPE.

2.4 CONCLUSION

This computational, isothermal, thermodynamic, and kinetic study evaluated the
influence of different functional groups (—CHs and —OH) on the adsorption behavior of
Nap and its derivatives onto commercial and waste HDPE MP in an aqueous system. The
findings indicate a lower adsorption capacity of Nap and its derivative with polar
functional group (e.g., “OH) compared with the derivative with nonpolar functional
group (e.g., —CHz). Factors as hydrophobicity (LogKow) have a key role in the adsorption
of Nap and its derivatives onto HDPE. The hydroxyl group in a-Naphthol provides higher
molecular polarity, which decreases its hydrophobicity and culminates in lower
adsorption capacity. The distinct behavior of B-Naphthol results from its greater
interaction with water, thereby hampering the determination of the adsorption parameters
within the sensibility of the techniques available to conduct this work. The ESP analysis
helped to understand the interactions of these PAH with the HDPE surface, which mainly
involve hydrophobic, n-n, van der Waals and hydrogen-bonding interactions due to the
presence (red regions) or absence (blue regions) of charge on the surface of the molecules
(DFT analysis). The adsorption isotherms were unfavorable for Nap and Me-Nap when

n > 1, with weak adsorbent-adsorbate interactions and an endothermic nature; Qmax
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value was undetermined. Nevertheless, the observed adsorption occurred due to entropic
effects and was slightly enhanced with the increase in temperature. For a-Naphthol, the
adsorption isotherm was favorable and best fit to the Langmuir model, indicating an
exothermic process. Low temperatures favor adsorption of nonpolar PAH onto HDPE
MP. Polar (-OH) functional groups make PAH adsorption favorable under increasing
temperatures. Adsorption of Nap and its derivatives onto waste and commercial HDPE
conforms to the PSO kinetics, and the nonpolar (—CHz) functional group has a higher
kinetic constant value compared with Nap and a-Naphthol. Knowledge on the adsorption
mechanisms of PAH derivatives onto MP is essential to understand the risks associated
with this type of interaction; depending on the toxicity of the materials, a higher priority
should be given. These findings suggest that HDPE MP may accumulate and carry PAH
in the aquatic environment, thus representing multiple risks for environmental and human

health; therefore, due caution is required.
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2.5 Supplementary Information

Adsorption isotherms

g =Dy (Eg. S1)

m

where g, is the adsorption capacity in equilibrium (umol g?), €, and Cr are the initial
and final concentrations of PAH (umol L™), respectively, V is the volume of solution (L),
and m is the mass of HDPE (g).
Langmuir equation

The Langmuir isotherm can be described for nonlinear and linear forms in
Equations S2 and S3:

QmaxKLCe
qe = (Eq. S2)
Ce 1 1
@ (Q%ax) Co & ks (Eq.S3)

where Q%4 (Umol L) is the maximum amount of adsorption in adsorbent saturated
monolayer, C, (umol L) is the concentration of adsorbate in equilibrium, g, (umol g™
is the amount of PAH removed in equilibrium, and K, (L pmol™) is a constant of
adsorbent and adsorbate affinity.

The essential characteristics of the Langmuir isotherm model can be expressed in
terms of a dimensionless constant, the separation factor or equilibrium parameter (R;),

which is defined by Equation S4:

RL=— (Eq. S4)

- 1+KCe

Freundlich equation

The nonlinear and linear forms of the Freundlich isotherm can be described by
Equations 5 and 6:
qe = KgC} (Eq. S5)
logq, =nlogC, + logkp (Eq. S6)
where g, (umol g ) is the amount of PAH removed in equilibrium, C, (umol L) is the
concentration of PAH in equilibrium, Kz (umol g™)/(umol L™)" is the Freundlich

constant, and n (dimensionless) is the Freundlich intensity parameter.

Dubinin-Radushkevich equation
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The nonlinear and linear forms of the Dubinin-Radushkevich isotherm can be

illustrated as Equations 7, 8 and 9:

Ge =0 HKnpe2 (Eq. S7)
lnqe = _kDRgz + lanR (Eq 88)
€= RTin (1+—) (Eq. S9)

where gpz (Umol g 1) is the adsorption capacity, krp (UMoI?/Kj?) is a constant related to

the sorption energy, and € is the Polanyi potential.

Adsorption thermodynamics

The parameters can be determined according to the thermodynamic Equations S10
and S11:

AG° = —RT InKc (Eg. S10)
The relationship between AG® and AH® is described as follows:

AG® = AH® — TAS° (Eq. S11)
The well-known van't Hoff equation is obtained by substituting Equation S10 in Equation
S11:

Ink, = 22 1,852 (Eq. S12)

The Gibbs energy change AG? is directly calculated from Equation 12, whereas
the enthalpy change AHand the entropy change AS° are determined from the slope and
intercept, respectively, of a plot of InK,. versus 1/T (Equation S12).

The parameter Kc can be obtained from Equation S13 when the Langmuir
isotherm is assumed, and by Equation S14 when the Freundlich isotherm is assumed
(Ghosal and Gupta, 2015; Tran et al., 2016).

K, =55.5%x10° x K, (Eq. S13)
where the factor 55.5 is the number of moles of pure water per liter, K; is obtained by
Equation S3 and K is dimensionless.

1

Ke = 522 (%’6)(1 2 (Eq. S14)
where K (umol g 1)/(umol L) is the Freundlich constant and n (dimensionless) is the
Freundlich intensity parameter (obtained by Equation 6), R is the universal gas constant
(8.314 j mol™t K1), T is the absolute temperature in Kelvin, and p is the density of pure

water (assumed as 1.0 g mL ™).
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Adsorption kinetics
The sorption Kkinetics were fitted by three models: nonlinear and linear forms of
pseudo-first-order (PFO), nonlinear and linear forms of pseudo-second-order (PSO), and

intraparticle diffusion (ID). These three models were correspondingly described as

follows:

qr = q.(1 — e7k1b) (Eq. S15)
In(qe — q¢) = —k4t +1n (q.) (Eq. S16)

_ qe?K,t

U = Triaot (Eq. S17)
t 1 1

il o) o (Eq. S18)
qt =K,Nt+C (Eq. S19)

where g, and g, (umol g) are the amounts of Nap, Me-Nap, a-Naphthol and B-Naphthol
removed at a determined time ¢ (min) and in equilibrium, respectively, k, (min™), k, (g
pmol min™) and k, (ug g* min?) are the values of constants of PFO, PSO and ID,
respectively, and C (umol g?) is a constant associated with boundary layer thickness.

Table 6. S1: Naphthalene and naphthalene derivatives physical and chemical properties.

Molecular MP  BP Solubility  LogKow pKa Cacinogenicity
PAH Structure - “\veight  (°C)  (°C)  (mg L) IARC/US EPA

Naphthalene 128.17 80.2 217.9 31 3.37 ; B
Methylnaphthalene 142.2 04 244 28 3.87 - NI

O

a-Naphthol “ 144.17 288 866 2.85 9.34 2B
B-Naphthol “/ 14417 285 755 2.7 9.51 2B

I

*IARC - International Agency for Research on Cancer; US EPA - Environmental
Protection Agency; 2B= possible carcinogen for humans; NI= not included.



43

0.6

® Nap
A Me-Nap Lo

0a 1 5 o-Naphthol

+ B-Napthol

AU

03 1

02 1

y =0.0048x + 0.0032
R*=10.9998

¥ 0.0043x + 0.0007
R*=0.9999

0.1 T

0 20 40 60 80 100 120
C (umol L)

Figure 6. S1: Analytical curves for PAH studied.

Table 7. S2: Linear isotherm parameters.

Langmuir Freundlich Dubnin-Radushkevich
HDPE
Adsorbate
Adsorbent KL Qmax RZ KF n RZ q E 2
(L pmol")  (umol g*) (umol gt ug L) PR (kj pmol )
commmercial 0.2111 21.65 0.8225 0.4529 0.0963 0.9911 55.46 43.85 0.91506
Nap
waste 0.2849 17.33 0.7970 0.1963 1.2547 0.9902 30.19 87.71 0.9021
commercial 0.0065 166.39 0.4489 0.9646 0.9355 0.9951 47.40 129.10 0.8419
Me-Nap
waste 0.0835 30.58 0.55 0.4464 0.6985 0.9801 36.63 84.52 0.9669
commercial 0.0472 41.32 0.9991 0.9526 1.3709 0.9837 26.22 54.23 0.9192
a-Naphthol

waste 5.5609 1.32 0.9875 0.6087 3.4270 0.9432 1.23 91.29 0.5514
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Table 8. S3: Relationship between isotherm parameters and curve type.

Freundlich expoent Separation Factor Isotherm shapes Curve type
n=0 RL=0 Irreversible Horizontal
n<l RL<1 Favorable Concave
n=1 RL=1 Linear Linear
n>1 R.>1 Unfavorable Convex

[ I .
Negative potential Positive potential
area area

Figure 7. S2: (a) B-Naphthol; (b) B-Naphtholate.
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Table 9. S4: Thermodynamic parameters for adsorption of Nap and its derivatives onto
commercial and waste HDPE.

Adsorbent o AG° AH° A48°
HDPE Adsorbate  Temperature (°C) (kJ mol ) (kJ mol ) (kJ mol )
10 26.15
25 28.71
Nap 35 90,61 50.06 0.070
45 33.00
10 30.71
. 25 31.19
Commercial Me-Nap 35 39 20 66.07 0.122
45 26.48
10 -33.25
25 —33.10
a-Naphthol 35 3795 -43.71 -0.037
45 -17.63
10 36.22
25 32.72
Nap 35 33.68 77.17 0.145
45 30.40
10 66.45
25 33.72
Waste Me-Nap 35 3318 64.63 0.103
45 31.63
10 -37.32
25 —35.93
a-Naphthol 35 3691 -44.10 -0.025
45 —38.26
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Figure 15. S10: Linear plot of In K. versus 1/T for the adsorption of PAHs on
microplastics at different temperatures.

Table 10. S5: Nonlinear kinetic parameters for PAH

Pseudo-first-order Pseudo-second-order Diffusion-intraparticle model
Adsorbate A(lj_fgrpbént ki Qe ka Qe Kp C
(min™h) (umol g™ (g umol™ min™') (umol g—-1)  (umol g~ min~'?) (umol gt)
Nap commercial 0.1463 14.93 0.015 15.88 0.5354 9.08 0.5074
Waste 0.086 17.32 0.007 18.93 0.8620 7.75 0.7672
Me-Nap commercial 0.2579 25.23 0.017 26.29 0.7666 17.09 0.4313
Waste 0.0411 22.17 0.045 23.67 1.2157 7.34 0.7825
commercial 0.0068 13.69 0.00024 20.33 0.7734 -1.16 0.9811
a-Naphthol

Waste 0.0052 8.57 0.00027 13.08 0.4179 -0.63 0.9787




Table 11. S6: Linear Kinetic parameters
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Pseudo-first-order

Pseudo-second-order

Diffusion-intraparticle mode

HDPE
Adsorbate  Ageorhent K, ge 2 K, Ge Ky c R?
(minY)  (umol g?) (g umol* minY) ~ (umol gb) (umol g! min2)  (umol g?)
Nap commmercial 0.6870 11.10 0.9490 0.0148 15.87 0.9995 0.5354 9.08 0.5074
waste 0.0376 14.34 0.9030 0.0079 17.92 0.9980 0.8620 7.75 0.7672
Me-Nap commercial  0.0614 14.41 0.8142 0.0181 26.16 0.9999 0.7666 17.09  0.4313
waste 0.0365 21.60 0.9658 0.0028 24.14 0.9987 1.2157 7.34 0.7825
commercial ~ 0.0081 10.57 0.9205 0.0005 16.53 0.8104 0.7734 -1.16  0.9811
a-Naphthol
waste 0.0053 6.79 0.8549 0.0009 8.76 0.7781 0.4179 -0.6331 0.9787
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Figure 16. S11: Pseudo-first order linear graph. (a) PAHs onto commercial HDPE; (b)
PAHSs onto waste HDPE.
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Figure 17. S12: Pseudo-first order nonlinear graph. (a) Nap onto commercial HDPE; (b)
Nap onto waste HDPE; (c) Me-Nap onto commercial HDPE; (d) Me-Nap onto waste
HDPE; (e) a-Naphthol onto commercial HDPE; (f) a-Naphthol onto waste HDPE.
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Figure 18. S13: Pseudo-second order linear graph. (a) Nap and Me-Nap onto commercial
HDPE; (b) Nap and Me-Nap onto waste HDPE. (c) a-Naphthol onto commercial HDPE;
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hthol onto waste HDPE.



55

30 -
(a)
25 ¢ BRIGELUREEE SRR
20 ﬁ% o
I B
%DIS T §§{'§§§§_ff,,.§§éii ________ -8 & @ @ @
E 1 5 e ® ) m
] LT -
= 10 T M [ .l
= 1 m 2
] ¢ .lll & Nap (R? = 0.5074)
> 7 J— L] 7 s Me-Nap (R?=0.4313)
0 o mmaE s '. . = o-Naphthol (R*=0.9811)
0 5 10 15
{12

30

1 ©
| FUEE .
20 T HM 1 S '}i é _.é o
=~ ] i é. i IR
%ﬂ 1 s -A-';f LA o Nap (R? = 0.7672)
E o .§ & Me-Nap (R? = 0.7823)
‘? 10+ #éo gy
U | L
§! g g X g B =
- -l l'l‘."ﬁ'""l - @3
J—
0 m "'..'l."” : I I : : :

th‘l

Figure 19. S14: Intraparticle diffusion plot. (a) adsorption of Nap, Me-Nap and a-
Naphthol onto commercial HDPE. (b) adsorption of Nap, Me-Nap and a-Naphthol onto

waste HDPE.



56

CHAPTER I11- General Conclusions

Adsorption study involving PAH and polymers is recurrent and seriously explored
on over decades Adsorption studies involving PAH and polymers are recurrent in the
literature and have been seriously explored over decades. Several polymer types (e.g., PE,
PS, PET, PVC) have been were reported as capable of adsorbing and carrying different
organic compounds. Research using commercial polymers and different organic
molecules are being constantly published. However, based on the current literature, little
is reported about the influence of functional groups on PAH and the use of waste
polymers, thus, it was possible to verify the existence of this gap. Therefore, adsorption
studies with HPA derivatives using residual polymers in comparison with commercial
plastic, aiming to approximate what happens in the real environmental is what this work
has developed.

This work showed the utilization of naphthalene derivatives with methyl (—CH3)
and hydroxyl (—OH) groups and their influence on adsorption behavior. Chapter II
showed how the presence of these charged and uncharged groups are able to change the
properties and characteristics of the nap molecule. The adsorption assays showed
different behaviors comparing Nap derivatives with methyl with the ones with hydroxyl
groups in it, regarding computational, isothermal, thermodynamic and kinetic studies.
The findings indicate that nonpolar molecules have a higher adsorption capacity
compared to polar molecules, corroborated by the LogKow values. The high
hydrophobicity of both adsorbent-adsorbate favor the hydrophobic interactions and
increases adsorption capacity (ge).

The high molecular polarity caused by the hydroxyl groups in a-Naphthol
inhibited LogKow, resulting in a low adsorption capacity on HDPE microplastics. By
ESP analysis, the interaction mechanism involving Nap and apolar derivatives with both
HDPE is mostly composed of hydrophobic interactions and n-m interactions. In contrast,
in nonpolar derivatives, the main interactions result from van der Walls forces and H
bonds. Furthermore, Nap and Me-Nap have an unfavorable isotherm, whereas a-Naphthol
has a favorable adsorption isotherm. The thermodynamic study showed that polar (—OH)
functional groups make PAH adsorption favorable under increase temperatures and
(—CH3) functional group is favor with decrease temperature The adsorption Kinetics study

presented a non-linear pseudo-second order model for all cases and the non-polar derived



S7

compound (Me-Nap) has a higher kinetic constant value compared to Nap and a-
Naphthol.

This study provides new insight into the affinity of PAH derivatives with
microplastics, which therefore improves our understanding of the environmental fates of

microplastics and organic pollutants by mean of a physical-chemical study.
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