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RESUMO

POLIMEROS EM RESIDUOS DE SERVICO DE SAUDE:
IDENTIFICACAO E DETERMINACAO DOS PARAMETROS
CINETICOS DE DEGRADACAO TERMICA

AUTORA: JOANA BRATZ LOURENCO
ORIENTADORA: NINA PAULA GONCALVES SALAU
COORIENTADOR: DANIEL ASSUMPCAO BERTUOL

Este trabalho apresenta a gestdo do Residuo do Servigo de Saude (RSS) e uma abordagem para avaliar e identificar
polimeros em uma Unidade de Cirurgia Geral — Servigo de Internagdo (UCG), do Hospital Universitario de Santa
Maria (HUSM), Brasil. Foram selecionados para o estudo dispositivos médicos descartados como residuos do
Grupo A (infectante) e Grupo E (perfurocortante), contendo polimeros em sua composigdo, com mais de 1000
unidades consumidas para o periodo de um ano. A partir dos dados analisados, 3,14 ton (98,79%) correspondem
a polimeros (63,06% termoplasticos ou fibras e 35,73% elastomeros) e 0,03 ton (1,21%) corresponde a metais. A
abordagem proposta foi constituida de quatro passos: 1) Coleta de dados dos equipamentos de uso médico
consumidos para ser categorizados em seus Grupos de residuo (A e E); 2) Identificagdo da composi¢do dos
polimeros utilizando informagdes disponibilizadas pelos fornecedores; 3) Caracterizacdo dos grupos funcionais
dos polimeros por meio de Espectrometria no Intravermelho por Transformada de Fourier (F7IR) e 4)
Determinagdo da temperatura de fusdo a partir de Calorimetria Exploratdria Diferencial (DSC). Os principais
polimeros identificados foram o polipropileno (80,88%), polietileno de alta densidade (5,28%), poliestireno
(4,51%), e celulose (3,58%), de um total de 11 diferentes polimeros. A FTIR foi a principal técnica analitica
utilizada para a identificagdo da composi¢ao dos polimeros (28,12%). Uma amostra representativa dos quatro
principais polimeros identificados e uma amostra contendo uma média ponderada de sua composi¢do, foram
submetidos & Analise Termogravimétrica (TGA), a uma taxa de aquecimento de 20 °C min™!, para obtengdo de
dados experimentais para a determinagdo dos parametros cinéticos de degradagao térmica, energia de ativagdo (Ex)
e fator pré-exponencial (4), considerando os modelos de reagéo de primeira ordem, f(a) = (1 — @) e de Sestak—
Berggren f(a) = (1 — a)"a™, sendo a a conversdo e m e n valores arbitrarios. Uma estimacdo de parametros
nao-linear, com o algoritmo simplex de Nelder-Mead, utilizando a funcdo fminseacrh do software MatLab® foi
proposta. O método isoconversional de Friedman foi aplicado para a obtengdo das estimativas iniciais dos
pardmetros cinéticos ndo encontrados na literatura. Para a andlise estatistica, foram utilizados o coeficiente de
determinag@o (R?), o coeficiente de determinacdo ajustado (Rﬁdj), a soma dos erros absolutos (SAFE) e o critério de
informagdo de Akaike (4/C), sendo Rﬁdj e 0 AIC as melhores métricas estatisticas, pois consideram o niimero de
parametros do modelo. O modelo de reagdo de Sestak—Berggren apresentou os melhores resultados, considerando
a analise estatistica e o ajuste aos dados experimentais. A metodologia proposta utiliza um menor conjunto de
dados que os métodos isoconversionais, sendo uma forma eficiente para a determinac¢ao dos pardmetros cinéticos
de degradagao térmica.

Palavras-chave: Residuo de Servico de Saude; Hospital, Polimeros, Espectroscopia de
Infravermelho por Transformada de Fourier (FTIR); Calorimetria Exploratoria Diferencial
(DSC); Analise Termogravimétrica (7GA); Estimacdo de pardmetros cinéticos; Analise
estatistica






ABSTRACT

POLYMERS IN THE HEALTH CARE WASTE: IDENTIFICATION
AND DETERMINATION OF THE KINETIC PARAMETER OF
THERMAL DEGRADATION

AUTHOR: JOANA BRATZ LOURENCO
ADVISOR: NINA PAULA GONCALVES SALAU
CO - ADVISOR: DANIEL ASSUMPCAO BERTUOL

This work presents the health-care waste (HCW) management and an approach to assess and identify polymers in
a General Surgery Unit - Internment Service (GSU) of the Hospital Universitario de Santa Maria (HUSM), Brazil.
For this study, medical devices discarded either as Group A (infecting) or as Group E (scarifying), containing
polymer in their composition and with a consumption larger than 1000 units per year, were selected. From the
analyzed material, 3.14 ton (98.79%) correspond to polymers (63.06% plastics or fibers and 35.73% elastomers),
and 0.03 ton (1.21%) corresponds to metals. The proposed approach was composed of 4 steps: 1) Collecting data
about consumed medical devices to be categorized into the residues Groups (A and E); 2) Identifying the polymeric
composition with information provided by suppliers; 3) Characterizing the polymer functional groups by Fourier-
Transform Infrared Spectroscopy (F7IR) and 4) Determining the polymer melting point by Differential Scanning
Calorimetry (DSC). The main polymers identified were polypropylene (80.88 %), high-density polyethylene (5.28
%), polystyrene (4.51 %), and cellulose (3.58 %), from a total of 11 different polymers. The FTIR was the main
analytical technique used to identify the polymer composition (28.12%). A representative sample of the four main
polymers identified and a sample containing a weighted composition of these were subjected to a Thermal
Gravimetric Analysis (TGA), at a heating rate of 20 °C min’, to obtain the experimental data set to determine the
kinetic parameters of thermal degradation, the activation energy (E.) and the pre-exponential factor (A),
considering the reaction model of first order, f(a) = (1 — &) and Sestak—Berggren f (@) = (1 — a)"a™, been
the conversion, and m e n arbitrary values. A non-linear parameter estimation considering the Nelder-Mead
simplex algorithm, using the MatLab® built-in function fininseacrh was proposed. The Friedman isoconversional
method was applied to obtain the initial guess of the kinetic parameters not found in literature. To the statistical
analysis were considered the determination coefficient (R?), the adjusted determination coefficient (Ridl-), the sum
of absolute errors (SAE), and the information criterium of Akaike (4/C), been the Rid/ and the A/C the best statistic
metrics as they consider the number of parameters in the model. The Sestik—Berggren reaction model presented
the best results, considering the statistical analysis and the fit to the experimental data. The proposed methodology
uses a smaller data set than the isoconversional methods, being an efficient way to determine the kinetic parameters
of thermal degradation, proving its validity for all studied samples and all statistical metrics.

Keywords: Health-Care Waste; Hospital; Polymers; Fourier-Transform Infrared Spectroscopy
(FTIR); Differential Scanning Calorimetry (DSC); Thermogravimetric Analysis; Parameter
estimation; Statistical analysis.
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1 INTRODUCAO

A disposi¢cdo do Residuo de Servigo de Satde (RSS) ¢ um grave problema ambiental,
devido principalmente a presen¢a de agentes infectantes, toxicos e quimicos, e de materiais
perfurocortantes contaminados (WHO, 2014). Além disto, o RSS contém uma elevada
quantidade de polimero em sua composi¢do (DENG; ZHANG; WANG, 2008; QIN et al., 2018;
SOM; RAHMAN; HOSSAIN, 2018), geralmente maior do que aquela encontrada no residuo
solido municipal (QI et al., 2018), estando presente, principalmente, em materiais como
seringas, solucdes salinas, medicamentos, contentores e embalagens (SOM; RAHMAN;
HOSSAIN, 2018).

Ha diversas alternativas para a reciclagem dos polimeros encontrados nos RSS, de forma
a evitar o uso da incineracdo, como a aplicagdo de policloreto de vinila, polipropileno e
polietileno na confec¢do de pisos (BEZUIDENHOUT, 2014; MCGALIN et al., 2008) e o uso de
residuos de dispositivos médicos para a construgdo de coletores para materiais perfurocortantes
(ANSON, 2012; BD; HEALTHCARE SOLUTIONS, 2011).

Mecanismos de recuperacgao energética sdo importantes alterativas para a reciclagem de
polimeros (MISKOLCZI; NAGY, 2012). Entre as tecnologias disponiveis, a pir6lise ¢ uma das
técnicas mais efetivas para obter combustiveis liquidos de polimeros do RSS, permitindo sua
reciclagem (DASH, 2012; QIN et al.,, 2018; SOM; RAHMAN; HOSSAIN, 2018). Os
combustiveis liquidos obtidos a partir deste método apresentam propriedades quimicas e fisicas
similares aquelas encontradas em combustiveis de uso comercial, como diesel e petrdleo
(DASH, 2012; DONG, 2015; XINLEI et al., 2016).

Atualmente, 47,6% do RSS produzido no estado do Rio Grande do Sul ¢ incinerado
(ABRELPE, 2018), porém a reciclagem energética destes materiais € sua recuperacao por mio
da pirdlise poderia ser uma alternativa para a obtengdo de liquidos combustiveis a partir dos
RSS (DASH, 2012; QIN et al., 2018; SOM; RAHMAN; HOSSAIN, 2018). Para isso, ¢ preciso
conhecer as taxas de geracdo e a quantidade de residuos gerados (HAMODA; EL-TOMI;
BAHMAN, 2005) e identificar estes materiais para o desenvolvimento de tecnologias
inovadoras para sua reciclagem (CANIATO; TUDOR; VACCARI, 2015).

O primeiro passo em um processo de reciclagem € a categorizacgao de plasticos em suas
classificagdes, com o uso de instrumentacdo adequada (GONDAL; SIDDIQUI, 2007). Em
termos de métodos para a identificacdo de polimeros, hd uma grande variedade de técnicas
disponiveis na literatura, como por meio de codigos padronizados e testes de chama, bem como

técnicas analiticas, como a Calorimetria Exploratoria Diferencial (DSC) e Espectroscopia de
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Infravermelho por Transformada de Fourier (F7IR) (GRIGORESCU et al., 2019), a
Termogravimetria Diferencial (D7G) (DASH; KUMAR; SINGH, 2015), a Analise
Termogravimétrica (7GA) e andlise elementar, (DENG et al., 2014). Informagdes sobre a
composi¢ao dos polimeros podem também ser obtidas utilizando registros cadastrados em
hospitais e de dados de fornecedores de produtos médicos (LEE; ELLENBECKER; MOURE-
ERASO, 2002).

Sendo assim, neste trabalho, dispositivos médicos consumidos pela Unidade de Cirurgia
Geral — Servi¢o de Internacdo (UCG), do Hospital Universitario de Santa Maria (HUSM),
Brasil, foram quantificados e identificados, para que se conhecesse o residuo gerado pela
unidade. Desta forma, foram selecionados apenas os materiais que apos serem consumidos
fossem destinados como residuos do Grupo A (infectante) e Grupo E (perfurocortante), de
acordo com a Resolugdo da Diretoria Colegiada - RDC N° 222 (ANVISA. AGENCIA
NACIONAL DE VIGILANCIA SANITARIA., 2018). Itens destas categorias, contendo
polimeros em sua composi¢ao, com mais de mil unidades consumidas foram avaliadas para o
periodo de um ano, de 1° de agosto de 2018 a 31 de julho de 2019.

Uma abordagem para identificar os polimeros nos dispositivos médicos foi proposta,
composta de quatro etapas: 1) Coleta de dados dos equipamentos de uso médico consumidos
para ser categorizados em seus Grupos de residuo (A e E); 2) Identificacdo da composicao dos
polimeros utilizando informagdes disponibilizadas pelos fornecedores; 3) Caracterizacdo dos
grupos funcionais dos polimeros por meio de Espectrometria no Intravermelho por
Transformada de Fourier (FTIR) e 4) Determinagdo da temperatura de fusdo dos polimeros por
Calorimetria Exploratoria Diferencial (DSC).

Aplicando a metodologia anteriormente descrita, verificou-se que o RSS da UCG ¢
composto principalmente de polipropileno (PP, 80,88 %), polietileno de alta densidade (PEAD,
5,28 %), poliestireno (PS, 4,51 %), e celulose (3,58 %), de um total de 11 diferentes tipos de
polimeros identificados.

A partir deste levantamento, um estudo foi realizado para predizer o comportamento da
pirdlise destes polimeros e da mistura destes. Para isto, a 7G4 foi utilizada, por ser o principal
meio de geracao de dados para a determinagao dos parametros cinéticos de degradagdo térmica,
medindo em pequena escala a variagdo da massa de um polimero ao ser submetido a um
aumento de temperatura (DAS; TIWARI, 2017; FATEH et al., 2016; KHEDRI; ELYASI,
2016).

Os parametros cinéticos de degradacdo térmica dos quatro principais polimeros

encontrados no presente estudo (PP, HDPE, PS e celulose), bem como sua mistura, foram
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determinados utilizando estimag¢do de parametros ndo-linear, por meio do algoritmo simplex de
Nelder-Mead, utilizando para isso a fungio fminseacrh do software MatLab®. Como modelos
de reagdo, foram testados os modelos de primeira ordem e de Sestik—Berggren (SESTAK;
BERGGREN, 1971). O método isoconversional de Friedman foi utilizado para obter uma
estimativa inicial dos parametros cinéticos de degradagdo térmica que ndo foram encontrados

na literatura.

1.1 OBJETIVOS

1.1.1 Objetivo geral

A partir do conhecimento da gestdo de RSS empregada na UCG do HUSM, propor uma
estratégia para a identificagdo quantitativa e qualitativa dos dispositivos médicos que sdo
descartados como residuo infectante (Grupo A) e perfurocortante (Grupo E), contendo
polimeros em sua composicao. Para isso, dados de fornecedores e informagdes de embalagens,
além de caracterizacdo fisico-quimica devem ser utilizadas para que se possa propor uma
metodologia de identificagdo de polimeros. A partir dessa informagao, buscar métodos para a
determinagdo dos parametros cinéticos de degradagdo térmica para a pirdlise destes polimeros,

puros ou em mistura, utilizando estimagdes de parametros nao-lineares.

1.1.2 Objetivos especificos

o Fazer um levantamento dos dispositivos médicos consumidos pela UCG, descartados
como RSS do Grupo A (infectante) e Grupo E (perfurocortantes), contendo polimeros,
analizando dados fornecidos pelo Hospital Universitario de Santa Maria;

o Apresentar métodos para avaliar e identificar polimeros no RSS, utilizando informagdes
de fornecedores, de embalagens e caracterizagdes fisico-quimicas;

o Apresentar uma revisdo da literatura sobre as principais metodologias para a
determinagdo de parametros cinéticos da degradacdo térmica dos principais polimeros
encontrados neste estudo: polipropileno (PP), polietileno de alta densidade (PEAD),
poliestireno (PS) e celulose;

o Aplicar o método isoconversional de Friedman para a determinacdo dos parametros

cinéticos da celulose e da mistura formada pelos polimeros presentes neste estudo,
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considerando uma reacao de primeira ordem, a partir de analise termogravimétrica (7GA) a trés
diferentes taxas de aquecimento, de 5, 10 e 20 °C min’';

o Estimar a energia de ativagdo, o fator pré-exponencial e o modelo de reagdo, sendo estes
os parametros cinéticos relacionados a degradacdo térmica do PP, PEAD, PS, celulose e da
mistura destes, utilizando estimacdo de parametros ndo-linear a partir do algoritmo simplex de
Nelder-Mead, com apenas uma taxa de aquecimento, de 20 °C min’;

o Utilizar a andlise estatistica para avaliar o desempenho dos métodos propostos para a

identificagdo de parametros cinéticos deste estudo.

1.2 JUSTIFICATIVA

O elevado passivo ambiental gerado pelo descarte de RSS proveniente de dispositivos
médicos contendo polimeros, dispostos em aterros sem possibilidade de recuperagao, justifica
a importancia deste estudo. No entanto, para que alternativas de reciclagem destes materiais
possam ser consideradas, ¢ preciso conhecer sua composi¢do. Sendo assim, um estudo voltado
para o entendimento da gestdo dos RSS e o conhecimento dos materiais que sdo descartados,
em termos quantitativos e qualitativos, utilizando informagdes de fornecedores e técnicas

analiticas, deve ser realizado.

1.3 ESTRUTURA DA TESE

A presente tese estd dividida em seis capitulos, com os resultados encontrados
apresentados em formato de dois artigos, sendo um deles publicado e o outro submetido para

publicag¢do em periddicos internacionais.

Capitulo 1 - INTRODUCAO

No capitulo de Introducdo ¢ apresentada a contextualizagdo do trabalho, onde ¢
demonstrada a importancia do conhecimento da gestdo do RSS, bem como a identificacao dos
polimeros presentes neste residuo. Serdo apresentados ainda os conhecimentos necessarios para

que possa se propor uma alternativa de reciclagem destes residuos.
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Capitulo 2 — REVISAO DA LITERATURA

Na revisdo da literatura sdo apresentadas as principais referéncias bibliogréaficas para a
contextualiza¢do do tema referente ao RSS e como ¢ feita a gestdo deste no Brasil. Além disso,
sdo apresentados estudos sobre a caracterizagdo de polimeros de forma geral e como esta ¢
aplicada para a identificacdo de polimeros especificadamente em RSS. Uma revisdo sobre
modelos cinéticos ¢ apresentada para os principais polimeros encontrados neste estudo
considerando métodos tradicionais, como os isoconversionais, € a modelagem matematica nao-

linear.

Capitulo 3 - RESULTADOS

Neste capitulo serdo apresentados os artigos contendo os resultados desta tese. O
primeiro estudo foi publicado no periddico Journal of Environmental Science and Health, no
qual ¢ apresentada a gestdo do RSS da UCG do HUSM, bem como uma proposta de
identificagdo de polimeros no RSS.

A segunda se¢do deste capitulo contém o artigo que foi submetido para publicagdo no
periddico Thermochimica Acta, onde ¢ apresentda a cinética da degradagdo térmica dos
principais polimeros encontrados no primeiro estudo e uma proposta de determinagdo de

parametros cinéticos ndo-lineares ¢ validada.

Capitulo 4 — DISCUSSAO DOS RESULTADOS

Os resultados encontrados na presente tese sdo brevemente discutidos neste capitulo,

evidenciando as principais contribui¢des apresentadas nos artigos do capitulo 3.

Capitulo 5 - CONCLUSAO

Uma conclusdo da tese € realizada neste capitulo, apresentando os resultados obtidos
neste trabalho que podem ser aplicados para melhoria dos processos de identificacdo de
polimeros e para a determinag@o dos parametros cinéticos da degradagao térmica dos polimeros

identificados.
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Capitulo 6 - SUGESTAO PARA TRABALHOS FUTUROS

O sexto capitulo apresenta algumas sugestdes para trabalhos futuros, que podem dar
continuidade a este estudo, como avaliagdo de outras formas de determinagdo dos parametros
cinéticos, determinacdo do poder calorifico, andlise dos componentes produzidos no processo

de pirdlise e o aumento de escala.
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2 REVISAO DA LITERATURA

2.1 RESIDUOS DE SERVICO DE SAUDE

No Brasil, a Resolugdo da Diretoria Colegiada - RDC N° 222 de 28 de marco de2018
(ANVISA. AGENCIA NACIONAL DE VIGILANCIA SANITARIA., 2018), dispde sobre o

tratamento e a disposi¢do final do Residuos de Servicos de Satude (RSS), na qual

[...] definem-se como geradores de RSS todos os servigos cujas atividades estejam
relacionadas com a ateng¢do a satide humana ou animal, inclusive os servicos de
assisténcia domiciliar; laboratdrios analiticos de produtos para satde; necrotérios,
funerarias e servigos onde se realizem atividades de embalsamamento (tanatopraxia e
somatoconservagao); servicos de medicina legal; drogarias e farmacias, inclusive as
de manipulagdo; estabelecimentos de ensino e pesquisa na area de saude; centros de
controle de zoonoses; distribuidores de produtos farmacéuticos, importadores,
distribuidores de materiais e controles para diagndstico in vitro; unidades moveis de
atendimento a saude; servigos de acupuntura; servigos de piercing e tatuagem, saldes
de beleza e estética, dentre outros afins. (ANVISA. AGENCIA NACIONAL DE
VIGILANCIA SANITARIA., 2018).

Os residuos de servico de satde s3o classificados nos seguintes grandes grupos
(ANVISA. AGENCIA NACIONAL DE VIGILANCIA SANITARIA., 2018):

I - Grupo A: Residuos com a possivel presenca de agentes bioldgicos que, por suas
caracteristicas de maior viruléncia ou concentracao, podem apresentar risco de infec¢do, como
culturas de microrganismos, descarte de vacinas de microrganismos, bolsas transfusionais
contendo sangue, pecas anatdmicas de animais e seres humanos;

IT - Grupo B: Residuos contendo substancias quimicas que podem apresentar risco a
saude publica ou ao meio ambiente, dependendo de suas caracteristicas de inflamabilidade,
corrosividade, reatividade e toxicidade, como produtos hormonais, anti-retrovirais, residuos de
saneantes, desinfetantes, reagentes para laboratorio;

IIT - GRUPO C: Quaisquer materiais resultantes de atividades humanas que contenham
radionuclideos em quantidades superiores aos limites de eliminagdo especificados nas normas
da Comissao Nacional de Energia Nuclear (CNEN), para os quais a reutilizagdo ¢ imprdpria ou
ndo prevista, como materiais resultantes de servicos de medicina nuclear e radioterapia.

IV - GRUPO D: Residuos que ndo apresentem risco bioldgico, quimico ou radiolégico
a saude ou ao meio ambiente, podendo ser equiparados aos residuos domiciliares, como papel

de uso sanitario e fralda, descartaveis de vestuario, sobras de alimentos;
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V - GRUPO E: Materiais perfurocortantes ou escarificantes, tais como: ldminas de
barbear, agulhas, escalpes, ampolas de vidro, brocas, limas endodonticas, pontas diamantadas,
laminas de bisturi, lancetas; tubos capilares; micropipetas; laminas e laminulas; espatulas; e
todos os utensilios de vidro quebrados no laboratorio (pipetas, tubos de coleta sanguinea e
placas de Petri) e outros similares.

As categorias acima citadas apresentam ainda sub-divisdes. A legislacdo vigente
contempla todo o gerenciamento do RSS, utilizando um Plano de Gerenciamento de Residuo
de Servico de Saude (PGRSS), o qual deve conter as taxas de acidente com residuos
perfurocortantes, a variedade dos residuos gerados e a proporcao de residuos de cada grupo (A,
B, C, D e E), bem como o gerenciamento do RSS. Estes indicadores devem ser acessados no
momento da implementagio do PGRSS e avaliados anualmente (ANVISA. AGENCIA
NACIONAL DE VIGILANCIA SANITARIA., 2018).

De acordo com a Anvisa (2018, Art. 40, p. 13) “Os RSS que ndo apresentam risco
biologico, quimico ou radioldgico podem ser encaminhados para reciclagem, recuperagao,
reutilizagdo, compostagem, aproveitamento energético ou logistica reversa.”. Estes residuos
fazem parte do Grupo D. Desta forma, para os residuos que ndo se enquadram nesta categoria,
as op¢des tornam-se a disposicdo final ambientalmente adequada (aterros), apds tratamento
prévio, ou a incineracdo, para, por exemplo, as pecas anatdmicas e 6rgdos de seres humanos e
animais. Quando ndo houver indicacdo especifica, o tratamento do RSS pode ser realizado
dentro ou fora da unidade geradora (ANVISA. AGENCIA NACIONAL DE VIGILANCIA
SANITARIA., 2018).

Um total de 4.518 cidades promovem o servigo de coleta, tratamento e disposi¢ao final
de 256.941 ton de RSS, 1,2 kg por habitante por ano, contendo uma capacidade instalada de
367.665 ton ano’! no Brasil. De todo o residuo coletado, 47,6% ¢ incinerado, 27,6% ¢é
encaminhado para outras destinagdes, como aterros, fossas sépticas e lixdes, sem tratamento
prévio, enquanto 22,1% ¢ autoclavado e 2,7% recebe tratamento de micro-ondas. No estado do
Rio Grande do Sul, 5.154 ton ano™!' sio coletadas e a capacidade de tratamento instalada é de
23.360 ton ano™!, (ABRELPE, 2018).

A terminologia utilizada para abordar os RSS, conforme adotada no Brasil, varia muito
na literatura mundial (CANIATO; TUDOR; VACCARI, 2015). De acordo com a World Health
Organization (WHO, 2014), o termo Residuos de Cuidados de Satude ¢ empregado para aqueles
produzidos em centros de pesquisas e laboratorios relacionados a procedimentos médicos. Nos
Estados Unidos, o termo Residuos Médicos ¢ utilizado, para residuos relacionados a cuidados

médicos em instalacdes médicas e residéncias, com potencial infectante ou que podem ser um
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risco a saude publica (U.S. EPA, 1992). Na Unido Europeia, esta categoria ¢ incluida no
Capitulo 18 do European Waste Catalogue and Hazardous Waste List, para residuos
produzidos durante o cuidado de pacientes, ou pesquisas, relacionadas a seres humanos ou
animais (EPA, 2002).

Considerando os RSS produzido no mundo, entre 75% e 90% pode ser comparado ao
lixo doméstico. Porém, a porcentagem restante, ¢ considerada perigosa (WHO, 2014), podendo
causar riscos ambientais e para a saide humana (CHEN et al., 2013; HALMENSCHLAGER,
2013; WHO, 2014). Estes residuos podem ser toxicos e até¢ mesmo letais, devido a possibilidade
de transmissdo de doencas, estando as lesdes fisicas causadas por agulhas entre as mais
significativas (GOLD et al., 2011; MAVROPOULOS, 2010).

Os objetos perfurocortantes contaminados fazem parte da categoria mais perigosa
presente no RSS, podendo causar danos aos trabalhadores do setor e a comunidade, apesar de
representarem cerca de 1% de todos os RSS. Tais objetos podem causar cortes, perfuragoes e
infectar feridas quando previamente contaminados com agentes nocivos, como em agulhas
provenientes de seringas, que podem conter sangue contaminado com hepatite B e C, bem como
o Virus da Imunodeficiéncia Humana — HIV (UN, 2011).

Materiais perfurocortantes sdo constituidos de agulhas hipodérmicas e devem ser
descartadas em containers a prova de perfuracdes, de cor amarela, e com o simbolo de risco
bioldgico. Em alguns paises, ¢ possivel a remocao das agulhas das seringas, utilizando
maquinas apropriadas, prevenindo o reuso de seringas, reduzindo o volume de residuo,
permitindo a reciclagem e reduzindo os riscos de acidentes, mas esta ndo ¢ uma pratica
universalmente aceita (WHO, 2014).

Como formas de tratamento ou disposi¢do do RSS, processos térmicos, quimicos, de
irradiacdo, bioldgicos e mecanicos sdo utilizados (WHO, 2014). Objetos perfurocortantes
podem ser submetidos a fornos rotativos (900 °C — 1200 °C), incineradores piroliticos ou de
dupla camara (>800°C), pirolisadores de camaras simples (300 °C - 400 °C), desinfec¢ao
quimica, autoclave, encapsulagdo e aterro, sendo essa indicada quando houver auséncia de
infraestrutura adequada para as demais praticas(ICRC, 2011). O processo de incineragdo ¢ o
mais utilizado para o RSS na maioria dos paises (CHEN et al., 2013). No entanto, este método
produz emissdes que frequentemente contem metais toxicos, como o cadmio, cromo
hexavalente, cobre, mercurio e compostos como as dioxinas (GLASSER; CHANG;

HICKMAN, 2012).
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2.2 GESTAO DO RSS DO HOSPITAL UNIVERSITARIO DE SANTA MARIA

No Brasil, 4.267 hospitais privados e 2.435 hospitais publicos tém uma capacidade de
260.695 e 149.530 leitos hospitalares, respectivamente (FBH; CNSAUDE, 2019). Dentre os
hospitais publicos, 50 sdo Hospitais Universitarios Federais, vinculados a 35 Universidades
Federais (EBSERH, 2019). Dentre estes, esta o Hospital Universitario de Santa Maria (HUSM),
vinculado a Universidade Federal de Santa Maria, ambos localizados na cidade de Santa Maria,
Rio Grande do Sul, Brasil.

O HUSM possui ambulatérios, unidades de terapia intensiva, cirurgica, obstétrica,
centros de transplante de medula 6ssea, hematologia, oncologia e unidade renal, radioterapia,
hemodindmica, fisioterapia, controle de infec¢do hospitalar, vigilancia epidemioldgica e
internacao domiciliar, produzindo RSS de todos os grupos (A, B, C, D, e E) (HUSM, 2017).

Apos a geragdo dos RSS, ocorre uma sequéncia de etapas até a sua destinagdo final,
chamada de manejo dos residuos, a qual inclui: segregagdo, acondicionamento, identificagao,
transporte interno, armazenamento temporario, tratamento, armazenamento externo, coleta e
transporte externo e disposi¢ao final (ANVISA. AGENCIA NACIONAL DE VIGILANCIA
SANITARIA., 2018). Estas etapas, conforme sdo descritas no PGRSS do HUSM (HUSM,
2017; TAMIOZZO, 2017) sao apresentadas como Apéndice A ¢ Anexo A deste trabalho.

2.3 POTENCIALIDADES DE RECICLAGEM DE POLIMEROS NO RSS

Os RSS apresentam elevada quantidade de polimeros em sua composicdo (DENG;
ZHANG; WANG, 2008; QIN et al., 2018; SOM; RAHMAN; HOSSAIN, 2018), em
dispositivos médicos como bolsas de sangue, objetos perfurocortantes, tubos, luvas,
embalagens e itens de enfermaria (LEE; ELLENBECKER; MOURE-ERASO, 2002), além de
recipientes e embalagens (SOM; RAHMAN; HOSSAIN, 2018). A recuperacdo destes
polimeros poderia fornecer matérias-primas de baixo custo para a geracao de energia e industria
quimica (HUANG et al., 2010).

Os polimeros podem ser submetidos a quatro tipos de reciclagem. A reciclagem
primaria, onde o residuo de um processo de fabricagdo ¢ reincorporado a sua linha de produgao;
a reciclagem secundaria, que pode utilizar residuos contaminados ou menos separados que no
primeiro caso, que sdo posteriormente destinados a diferentes aplicagdes das que os originaram,;
a reciclagem terciaria, que visa converter residuos poliméricos em seus mondmeros originais

ou outros produtos quimicos valiosos, e a reciclagem quaternaria, que visa apenas a recuperagao



31

de energia, e pode utilizar residuos bastante contaminados(LERICI; RENZINI; PIERELLA,
2015; PANDA; SINGH; MISHRA, 2010; PATNI et al., 2013).

Como alternativas para a reciclagem de polimeros provenientes do RSS ha o uso do
policloreto de vinila (PVC, do inglés polyvinyl chloride), na producao de mangueiras e pisos
(BEZUIDENHOUT, 2014), bem como do polipropileno (PP) e polietileno (PE) para a produ¢ao
de pisos (MCGALIN et al., 2008), e o uso de dispositivos médicos reciclados para a constru¢ao
de coletores de materiais perfurocortantes (ANSON, 2012; BD; HEALTHCARE
SOLUTIONS, 2011).

Outra importante alternativa para a reciclagem de polimeros ¢ o uso de mecanismo de
recuperagdo energética (MISKOLCZI; NAGY, 2012). Neste contexto, a pirdlise ¢ uma das
técnicas mais efetivas para a obtencdo de combustiveis liquidos a partir do uso de polimeros
provenientes do RSS (DASH, 2012; QIN et al., 2018; SOM; RAHMAN; HOSSAIN, 2018).

Os polimeros presentes no RSS podem ser transformados em combustiveis liquidos,
utilizando a pir6lise, obtendo produtos com propriedades quimicas e fisicas similares as
encontradas em combustiveis de uso comercial, como o diesel e o petrdleo (DASH, 2012;
DONG, 2015; XINLEI et al., 2016), com elevado poder calorifico inferior (Lower Heating
Value, LHV) de 19,1-MJ kg! (BUJAK, 2010). Além disto, outros materiais como metal, negro
de fumo e vidro podem ser recuperados como subprodutos (DONG, 2015).

A possibilidade de recuperacdo energética pode ser utilizada ainda em processo
cataliticos para obter gases contendo hidrocarbonetos de elevado valor comercial (HUANG et
al., 2010) ou transformando o RSS em gases de sintese, para a producdo de energia
(CECCONELLO, 2016).

Avaliar a taxa de geracdo e quantidade de RSS sdo essenciais para a implementagao de
um plano de gestdo de residuos em um hospital (HAMODA; EL-TOMI; BAHMAN, 2005). A
avaliacdo e a identificagdo dos materiais que podem ser reciclados nos RSS podem contribuir
para o desenvolvimento de tecnologias inovadoras para categorizar e reutilizar estes materiais
(CANIATO; TUDOR; VACCARLI, 2015).

Para que se possa propor processos de reciclagem deve-se primeiramente categorizar os
polimeros em suas classifica¢des, utilizando instrumenta¢cdo adequada para esta etapa, o que €
um desafio para as condi¢gdes industriais (GONDAL; SIDDIQUI, 2007). Em termos de métodos
para a identificag@o de polimeros, ha uma grande variedade de técnicas disponiveis na literatura,
como pelo uso de cddigos padronizados, testes de chama e técnicas analiticas (GRIGORESCU

etal., 2019).
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24 TECNICAS ANALITICAS APLICADAS PARA A CARACTERIZACAO DE
POLIMEROS

Diversas técnicas podem ser empregadas para a realizacdo da caracterizacdo das
propriedades fisico-quimicas dos polimeros, que podem ser utilizadas para sua identificacao,
fazendo comparagdes dos valores encontrados com dados obtidos da literatura. Na sequéncia,
serdo apresentadas a andlise termogravimétrica (7GA), a calorimetria exploratéria diferencial

(DSC), a espectroscopia de infravermelho por transformada de Fourier (F7IR) e difracdo de

raios — X (DRX).
2.4.1 Analise termogravimétrica (7GA)

O equipamento de andlise termogravimétrica (7GA) consiste em uma balanga que serve
de suporte para uma amostra. Esta ¢ entdo aquecida sob atmosfera e temperatura controladas, e
pode-se obter uma curva da perda de massa ao longo de uma faixa de temperatura, podendo-se
ainda variar a taxa de aquecimento. Com isso, verificam-se diversas informagdes, como as
temperaturas de degradacao térmica, calor especifico e a derivada termogravimétrica (DT7G), a
qual indica a temperatura onde a maior perda de massa ocorre (MOTHE; AZEVEDO, 2009).

Um exemplo de TGA ¢ apresentado na Figura 1.

Figura 1 - Anélise termogravimétrica de uma amostra de polietileno de alta densidade (PEAD).
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O projeto e a implementagdo de processos de pirolise de materiais complexos como 0s
polimeros depende primeiramente de uma andlise cinética, considerando a avaliacdo da energia
de ativagdo (E,), fator pré-exponencial (4) e do modelo de reacao, f (a) (DAS; TIWARI, 2017).
Para este proposito, a TGA ¢ a forma mais comum de geracdo de dados sobre a varia¢do de
massa de uma amostra em fun¢do da temperatura (DAS; TIWARI, 2017; FATEH et al., 2016;
KHEDRI; ELYASI, 2016). Mais informagdes serdo apresentadas no item 2.6.

2.4.2 Analise de calorimetria exploratoria diferencial (DSC)

A calorimetria exploratéria diferencial (DSC) mede a diferenga de energia fornecida a
uma substancia e a um material de referéncia, quando estes sdo submetidos a uma programagao
controlada de temperatura. Podem-se acompanhar os efeitos de calor associados com alteragdes
fisicas ou quimicas da amostra, tais como transi¢des de fase ou reagdes de desidratagcdo, de
decomposicdo, de oOxido-reducdo, entre outras, capazes de causar variagdes de calor
(IONASHIRO, 2004). A forma como estas temperaturas podem ser extraidas de uma andlise

de DSC estdo expostas na Figura 2, obtidas pela identificagdo de picos caracteristicos.

Figura 2 - Curva tipica de uma andlise de DSC
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Fonte: Adaptado de Ko ¢ Wan (2014).

A partir da curva de DSC ¢ possivel determinar as temperaturas de fusdo e de transi¢ao

vitrea, para o caso dos polimeros semicristalinos, bem como a temperatura de transi¢ao vitrea
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para os polimeros amorfos, além da temperatura de cristalizagdo, mudancas de entalpia e
entropia, capacidade calorifica e calor latente (SCHICK, 2009).

Polimeros, como o polietileno de alta densidade (PEAD), baixa densidade linear
(PEBDL), bem como o polietileno de baixa densidade (PEBD) distinguem-se pelo grau de
ramificagdo, bem como o nimero ¢ o tamanho de ramificagoes (GULMINE et al., 2002). Em
casos como este, a andlise de DSC ¢ util, onde s3o observados picos de ponto de fusdo entre
126 °C e 135°C para o PEAD, em 126°C para o PEBDL e entre 105 e 118°C para o PEBD
(MARTIENSSEN; WARLIMONT, 2005), tornando possivel a identificagdo destes polimeros.

2.4.3 Espectroscopia de infravermelho por transformada de Fourier (F7TIR)

A FTIR tem uma grande aplicabilidade em andlises qualitativas da estrutura de
polimeros (ACHILIAS et al., 2007; BAETA et al., 2009; JUNG et al., 2018; SCHEIRS;
KAMINSKY, 2006; SURESH; MOHANTY; NAYAK, 2017). O espectro de FTIR apresenta o
numero de onda (v, em c¢cm™), como uma fungdo da transmitincia (em %), com picos
caracteristicos que permitem a identificagdo dos grupos funcionais presentes na amostra e, a
partir de comparagdo com dados obtidos na literatura, a identificacdo dos polimeros (JUNG et
al., 2018; TAOUTAOU et al., 2012).

A radiagdo infravermelha (/R) situa-se, aproximadamente, entre a regido do espectro
eletromagnético entre as regides do visivel e micro-ondas, sendo a regido entre 4000 cm! e
400 cm™' a mais importante para a quimica organica. Nesta faixa, a radiagdo infravermelha
converte-se em energia de vibragdo molecular, produzindo um espectro vibracional como uma
série de bandas, cujo comprimento de onda depende das massas relativas dos atomos, da sua
geometria e das constantes de forcas das ligagdes, que permite a identificagdo de moléculas.
Um esquema do funcionamento do equipamento ¢ apresentado na Figura 3 (SILVERSTEIN;

WEBSTER; KIEMLE, 2005).
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Figura 3 - Esquema de um espectrometro F7IR
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Fonte: Adaptado de Silverstein; Webster e Kiemle (2005).

A radiagdo contendo todos os comprimentos de onde de interesse ¢ separada em dois
feixes, um deles permanecendo fixo e o outro mével. Com a variacao das distancias percorridas
por estes feixes, hd uma sequéncia de interferéncias construtivas e destrutivas e, com isso, uma
variagdo da intensidade de radiagdo recebida pelo detector. Uma transformada de Fourier
converte estes sinais para o dominio da frequéncia. A variagdo do comprimento do pistdo
modifica a posicdo do espelho B e, portanto, a distdncia percorrida pelo feixe B. A
transformagdo de Fourier para varios pontos do espelho origina o espectro completo de
infravermelho (SILVERSTEIN; WEBSTER; KIEMLE, 2005).

Na FTIR, um conjunto de fotodiodos tem a capacidade de medir um espectro de uma
unica vez, decompondo-o em seus comprimentos de onda. Cada faixa de comprimento de onda
¢ dirigida a um dos elementos do detector. Assim, uma curva ¢ decomposta na soma dos termos

seno e cosseno, chamada de série de Fourier (HARRIS, 2012), conforme Equagao (1):
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- (1)
y = Z la,»sen(n”wx) + b,»cos (n"wx)|

n’'=0

onde w ¢ a frequéncia angular, a, e b, sdo coeficientes de Fourier, tabelados, de acordo com o
numero de n”, que ¢ a ordem de difragdo, x é cada ponto da funcdo periddica, produzindo um
valor de y. O espectro produzido por uma analise de F'TIR relaciona, por fim, o nimero de onda
em relagdo a transmitancia ou absorbancia, sendo os picos caracteristicos para cada elemento
(HARRIS, 2012). Diversos estudos podem ser encontrados na literatura empregando a FTIR
para identificacdo, analise da decomposi¢do e avaliagdo da estrutura de polimeros e derivados
a partir dos quais, por comparagdo, ¢ possivel fazer a identificacdo dos tipos de polimeros
presentes em uma amostra (JUNG et al., 2018).

As vibragdes moleculares podem ser deformagdes axiais, com movimentos ritmicos ao
longo do eixo de ligagdo, com variacdo na distdncia interatomica, ou angulares, que sao
variagOes ritmadas de ligagdes que tem um dtomo em comum ou um grupo de atomos em
relacdo ao restante de uma molécula, sem modificagdes nas posicdes relativas dos atomos do
grupo. A Figura 4 exemplifica modos de deformagdes axiais e angulares que podem estar
presentes em uma molécula representativa AX, (SILVERSTEIN; WEBSTER; KIEMLE,
2005).

Figura 4 - Esquema dos modos vibracionais de uma molécula do tipo AX>, onde A ¢ a esfera
cinza e X a branca: (a) deformacao axial simétrica, (b) deformagao axial assimétrica,
(c) deformacdo angular simétrica no plano, (d) deformagdo angular simétrica no
plano, tipo tesoura, (¢) deformacdo angular simétrica fora do plano, tipo balango, (f)
deformagao angular simétrica fora do plano, tipo meneio e (g) deformagdo angular
assimétrica no plano, tipo torcedura.
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Fonte: Adaptado de Silverstein, Webster e Kiemle (2005).
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2.5 IDENTIFICACAO DE POLIMEROS EM RSS

Um importante estudo sobre a identificacdo de polimeros no RSS foi conduzido
considerando laboratorios, quartos cirurgicos, unidades auxiliares e cafeterias como as
principais fontes de polimeros gerados em um hospital. O contetido médio de polimeros no RSS
foi mensurado e representou em torno de 30%, em peso, do residuo produzido. A informagao
sobre a composicdo dos polimeros foi obtida utilizando dados dos registros cadastrados no
hospital, além de dados de autoridades hospitalares, fornecedores de produtos médicos e
companhias que reciclam residuos poliméricos provenientes de hospitais, além do uso de
codigos da Sociedade da Industria do Plastico. Os polimeros foram encontrados em bolsas de
sangue (PVC), objetos perfurocortantes (PP e PE), tubos (PVC e PEAD), luvas (PVC, PP e PS),
embalagens (PVC, PE e PS), kits de cuidado com a saude (PVC) e itens de enfermagem (PE e
PP). A porcentagem de cada dispositivo médico foi identificada e medida, porém nao em fungao
dos tipos de polimeros (LEE; ELLENBECKER; MOURE-ERASO, 2002).

A abordagem utilizando informacdes provenientes de fornecedores também foi utilizada
para a identificagdo de polimeros utilizados em salas de cirurgia de um hospital (MCGAIN et
al., 2008). Os autores identificaram polimeros como o PP (em instrumentos cirirgicos e
envoltorios), PE (ampolas contendo dgua e solugdes salinas, bolsas de fluidos intravenosos),
poliuretano (PU, presente em bandejas) e PVC (mascaras e tubos de oxigénio).

Na termolise de seringas provenientes de RSS para a produg¢do de combustivel, a
presenga de PP foi comprovada pelo uso de termogravimetria diferencial (D7G) (DASH;
KUMAR; SINGH, 2015).

Um tubo de transfusdo foi avaliado utilizando 7GA e analise elementar, cujos resultados
foram comparados com referéncias da literatura, comprovando principalmente a presenca de
PVC em sua composicao (DENG et al., 2014).

Garrafas plésticas e bolsas de infusdo, contendo principalmente PS e PP em sua
composi¢ao, foram identificadas pelo uso de FTIR (QIN et al., 2018).

Em um processo de termoconversdo de polimeros de um hospital, uma amostra
contendo PEBD (25%), PEAD (37%), PP (33%) e PS (5%) foram avaliadas (HUANG et al.,
2010). Componentes representativos do RSS foram submetidos a andlise termogravimétrica e
estudos cinéticos, avaliando 13 diferentes tipos de polimeros, como o PVC, PEBD, borracha
natural e celulose (DENG; ZHANG; WANG, 2008). Oleo proveniente de um processo de
pirdlise foi obtido a partir de RSS, compostos principalmente por PE e PP (SOM; RAHMAN,;
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HOSSAIN, 2018). No entanto, nenhum desses trabalhos mencionam a forma como estes
polimeros foram identificados.

Portanto, apesar do nimero de trabalhos que lidam com a identifica¢do de polimeros no
RSS, ha oportunidades de estudos focados na gestdo de RSS considerando a identificagdo dos
polimeros em sua composi¢do, visando sua reciclagem (LEE; ELLENBECKER; MOURE-
ERASO, 2002).

2.6 DETERMINACAO DOS MECANISMOS DE REACAO E PARAMETROS
CINETICOS DE DEGRADACAO TERMICA

A modelagem da cinética de degradagao térmica de polimeros requer a determinagao de
trés variaveis de reagdes de estado solido: a energia de ativagdo (E.), o fator pré-exponencial,
A, e 0o modelo de reagdo, f(a) (DAS; TIWARI, 2017; KHEDRI; ELYASI, 2016; MIRANDA
et al., 2013). A energia de ativagdo ¢ amplamente estudada devido a relacdo entre alta energia
de ativagdo e elevada temperatura ou longo tempo de reagcdo para permitir um processo de
conversao (CAI et al., 2008).

A TGA fornece informagdes sobre a perda de massa de uma amostra, como uma fung¢ao
do tempo e da temperatura (JAIN; MEHRA; RANADE, 2016), permitindo a estimac¢do dos
parametros cinéticos de degradacao térmica (SNEGIREV et al., 2019). A varia¢dao da massa da
amostra pode ser representada pela conversdo (a), de acordo com a Equacdo (2) (DAS;

TIWARI, 2017; VYAZOVKIN et al., 2011; XU et al., 2018):
Wy, —Ww (2)
onde W, ¢ a massa inicial da amostra, /¥ ¢ a massa da amostra ao longo da faixa de temperatura

medida no 7G4 ¢ W,, ¢ a massa de amostra remanescente, ao final da analise. A forma

generalizada da equagdo da cinética da reacdo ¢ apresentada na Equacdo (3):

da (3)
i k(T)f (a)
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onde ¢ ¢ o tempo (s), f(a) ¢ o modelo de reagdo dependente da massa ¢ k(T) ¢ a constante de
taxa dependente da temperatura, a qual ¢ assumida da forma da Lei de Arrhenius, descrita na

Equagdo (4):

K(T) = A e R )

onde 4 ¢é o fator pré-exponencial (s!), E, a energia de ativagdo (kJ mol '), R é a constante dos
gases, correspondendo a 8,314 x 107 (kJ mol''K™!), e T (K) é a temperatura da degradagio

térmica.
Substituindo a Equagdo (4) na Equagdo (3):

da ~Eq 5
T =AerRT f(a) )
Definindo a taxa de aquecimento, 8, em unidades de K s'! (KHEDRI; ELYASI, 2016):

dr 6)
B=a

A Equacdo (5) pode ser transformada na Equagdo (7), dependendo da temperatura,

quando se utilizam métodos dinamicos, portanto, ndo isotérmicos (KHEDRI; ELYASI, 2016),

sendo essa a forma genérica da equagdo da cinética de degradagado térmica:

da ~Eq 7
B = AT f(a) @
Integrando a Equacao (7), em fun¢do da temperatura:
¢ da —E (8)

A T -Eq
. m:ﬂo e frdr

O lado esquerdo da Equacdo (8) ¢ a forma integral do modelo de reagdo, representado

por g(a). Portanto:
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e RT dT

g(a)=%f0

)

A integral da Equacdo (9) ndo tem solugdo analitica, porém pode ser resolvida por

integragdo numérica ou por aproximacdes, como pela aplicagdo de linearizacdo (MAJONI;

CHAPARADZA, 2018).

Para a cinética de degradagéo térmica de estado solido, alguns exemplos de f (@) e g(a)

sdo apresentados na Tabela 1 (DAS; TIWARI, 2017; VYAZOVKIN et al., 2011; XU et al.,

2018).

Além da abordagem de modelos cinéticos de estado solido, o modelo de reagao proposto
por Sestak—Berggren (SB) (SESTAK; BERGGREN, 1971) é também amplamente aplicado na
literatura (MAJONI; CHAPARADZA, 2018; VYAZOVKIN, 2017; WANG et al., 2016), de

acordo com a Equagdo (10):

f@)=1-a)y*a™

onde n e m sdo as ordens da reacao.

Tabela 1 - Exemplos de modelos cinéticos de estado solido.

(10)

Modelo de reagdo Caodigo f(a) g(a)
Lei de poténcia P4 4q3/% al/*
Lei de poténcia P3 3a2/3 al/3
Lei de poténcia P2 2a1/2 al/?
Lei de poténcia P2/3 2/3a ? a3/?
Difuséo D1 1/2a7?t a?
unidimensional
Primeira ordem F1 1-«a —in(1-a)
Avrami-Erofeev A4 41 — a)[~In(1 — a)]¥/* [—In(1 — a)]V/*
Avrami-Erofeev A3 31 — a)[-In(1 — )]/ [—In(1— a)]¥/3
Avrami-Erofeev A2 2(1 — a)[-In(1 — a)]V/2 [—In(1 — a)]V/?
Difusao tridimensional D3 3/2(1—a)?/3 [1 -(1- 0_,)1/3]_1 [1 -(1- a)1/3]2
Esfera contraindo R3 31 — a)?/3 1-(1-a)'/3
Cilindro contraindo R2 2(1 — a)1/? 1-(1-a)/?
Difuséo bidimensional D2 [-in(1 —a)]™? l-a)ln(l-—a)+«a
Cisdo aleatoria L2 2(a¥? — a) %a3/2 _ %az

Fonte: Adaptado de Das e Tiwari (2017), Vyazovkin et al. (2011) e Xu et al. (2018).
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Embora a Equacao de SB seja considerada apenas para propdsitos matematicos, ela pode
sugerir o modelo de reagdo para a degradacdo térmica de polimeros, com valores de E,
independentes de S, apresentando valores dentro da faixa obtida utilizando métodos
isoconversionais (BALART et al., 2019).

Na Tabela 2 ¢ apresentada uma revisdo da literatura sobre os diferentes modelos
cinéticos empregados para a degradacao térmica de polimeros, considerando o PP, HDPE, PS
e celulose. A principal abordagem utilizada pelos autores para a determinagdao dos parametros
cinéticos ¢ o uso de diferentes taxas de aquecimento, encontrando a energia de ativagdo e o
modelo de degradagdo térmica em termos da conversao, utilizando modelos cinéticos de estado
solido e a equagdo de Sestak—Berggren (SB) (SESTAK; BERGGREN, 1971).

Um total de 12 diferentes métodos foram utilizados pelos trabalhos citados na Tabela 2,
0s quais estdo brevemente apresentado na Tabela 3. Verifica-se que os métodos empregados
consistem basicamente na lineariza¢do da forma genérica da equacao da cinética de degradagao

térmica, Equacdo (7), escrita sobre diferentes formas e aproximagoes.



Tabela 2 - Revisao da literatura sobre os modelos de degradacgao térmica, parametros cinéticos e métodos aplicados para a estimacao de parametros

N
[\

cinéticos
Polimero Modelo Eq(kJ/mol) A Meétodo Referéncia
232,00 (FRIEDMAN, 1964)
230,00 (HOROWITZ; METZGER, 1963) (NAVARRO et al., 2003)
228,00 (FLYNN; WALL, 1966)
F1 319,70 9,83x10"° (COATS; REDFERN, 1964) (CAl et al., 2008)
PP 103,02 - (FLYNN; WALL, 1966; 0ZAWA, 1965)
106,16 - (AKAHIRA; SUNOSE, 1971; KISSINGER, 1957)
110,75 - (FRIEDMAN, 1964) (XU etal., 2018)
R3 108,36 5,45x10” (COATS; REDFERN, 1964)
R2 and R3 - - (CRIADO, 1978)
Fl 185,64-134,06 1,25x1012°—7.85x1027 (FRIEDMAN, 1964)
F1 69,85-100,30 1,68x10%-5,07x10 (OZAWA, 1965) )
Fl 8,176-16,5 5,92x10'-2,45x10° (FLYNN; WALL, 1966; 0ZAWA, 1965) (KHEDRL; ELYASI, 2016)
F1 5,381 — 14,484 3,62x10* -3,23x10* (AKAHIRA; SUNOSE, 1971; KISSINGER, 1957)
HDPE F1 4572 5,83x10% (COATS; REDFERN, 1964) (CAl et al., 2008)
R2 134 — 258 3,15x10°-3,90x10" (FRIEDMAN, 1964)
R2 146-242 2,10x107-2,62x10™ (FLYNN; WALL, 1966; OZAWA, 1965)
R2 146-241 1,97x107-2,53x10™ (AKAHIRA; SUNOSE, 1971; KISSINGER, 1957) (DAS; TIWARI, 2017)
R2 146-240 1,77x107-2,05x10" (STARINK, 2003)
R2 143-233 134x107-7.15x10" (VYAZOVKIN, 1997, 2001)
Fli 105,42-126,28 2,50x10%-4,83x10° (COATS; REDFERN, 1964)
F1 82,98-164,38 6,17x10%-2,00x10"! (FLYNN; WALL, 1966; OZAWA, 1965)
5 11 . .
N AR SONOSE 7 KIS G, )
”: - ) » X -1,2/X s b}
PS F1 87,29-173,51 1,38x10°-8,83x10"! (FRIEDMAN, 1964)
F1 166,36 L 17x1010 (KISSINGER, 1957)
156,00 — 188,00 - (VYAZOVKIN, 1997, 2001) ,
156,00 — 188,00 ; (STARINK, 2003) (MAJONI; CHAPARADZA, 2018)
4,50x10" (FRIEDMAN, 1964) for E, ; :
SB 204,00 Maximize function for f(a) (SESTAK; BERGGREN, 1971) (SANCHEZ-JIMENEZ et al., 2012)
138,26 - (FLYNN; WALL, 1966; 0ZAWA, 1965)
Cellulose 102,23 2,70x10? (KISSINGER, 1957) , (HENRIQU]? ctal., 2015)
SB 193 9,83x10" (SESTAK; BERGGREN, 1971) (SANCHEZ-JIMENEZ et al., 2011)
L2 191,00 - (FRIEDMAN, 1964) (SANCHEZ-JIMENEZ et al., 2013)
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Tabela 3 - Métodos encontrados na literatura para a predicao de pardmetros cinéticos

Método

Equacdo

Plotagem

(FRIEDMAN, 1964)

(HOROWITZ;
METZGER, 1963)
(FLYNN; WALL, 1966)

(COATS; REDFERN,
1964)

(FLYNN; WALL, 1966;
OZAWA, 1965)
(KISSINGER, 1957)

(AKAHIRA; SUNOSE,
1971; KISSINGER, 1957)
(OZAWA, 1965)

(CRIADO, 1978)

Meétodo isoconversional
avancado (4ICM,
Advanced isoconversional
method)- (VYAZOVKIN,
1997, 2001)

(STARINK, 2003)

(AUGIS; BENNETT,
1978)

I ( da)—l A+l Eq
n\Bgr)=mAtinf (@ —gr
1 E,5
() - 22
1-a/l = R

d(Inp) = —1,052 %d (%)

] —in(1-a) —1 AR E,
n[ TZ ]_nﬁEa RT

AE,

5,331 — 1,052 (E“)
] ) ) RT

(72) = ] = (55)

da E,
In(B) =-In (ﬁ) +nA+Inf(a)- RT

[f (@) g ()] ( Ta )2 (da/dt),

[F(05)g(0,5)] (da/db)os
][Ea' Ti (ta)]

J[Ea Tj(t)]

P(Eq) = ZZ

i=1 j#i

Tos

E
In (m) = Constante - 1,0008 (—a)

RT
B E,
! ( ):—— InA
"\1. =T, RT T

w031 )

() = 1

s = 1)
P52 -
s = 1)

o = (3

(T2 @a/do),
a«=f [(ﬂ) (da/dt)oys]

n ()= 1 (z)

(i) 16)

6=T-T, onde T ¢ uma temperatura de referéncia; 7 ¢ a temperatura de maxima taxa de perda de massa obtida

pela Derivada Termogravimétrica (DTG); e To ¢ a temperatura de inicio da degradagdo térmica; T 5 € a temperatura

onde ha 50% de conversdo; os subscritos i ¢ j representam numeros ordinais de dois experimentos realizados a

diferentes taxas de aquecimento e ¢ (E,) uma fungdo objetivo, a ser minimizada.
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2.6.1 Métodos isoconversionais

Dentre os métodos utilizados para a estimacao dos parametros cinéticos da degradacao
térmica considerados na literatura estudada, o mais utilizado ¢ o método isoconversional, o qual
considera que a E, e 4 sdo fungdes da conversdo («), eliminando a determina¢ao do modelo de
reacdo, f(a) (KHEDRI; ELYASI, 2016; VYAZOVKIN, 2015), ou assumindo um modelo
cinético de primeira ordem (CAI et al., 2008; KHEDRI; ELYASI, 2016; NISAR et al., 2019)
ou de Sestdk—Berggren (DANON et al., 2015; SANCHEZ-JIMENEZ et al., 2011, 2012)

Muitos métodos isoconversionais sdo utilizados para a estimacdo de parametros
cinéticos da degradagao térmica de polimeros, como o de Friedman (FRIEDMAN, 1964), Flynn
— Wall- Ozawa (FLYNN; WALL, 1966; OZAWA, 1965) e Kissinger — Akahira — Sunose
(AKAHIRA; SUNOSE, 1971; KISSINGER, 1957). De acordo com o Kinetics Committee of
the International Confederation for Thermal Analysis and Calorimetry (ICTAC), multiplas
taxas de aquecimento (f) devem ser utilizadas para a estimag¢do de pardmetros cinéticos
utilizando estas metodologias (VYAZOVKIN et al., 2011).

Os métodos isoconversionais utilizam a regressao linear para a obteng¢ao dos parametros
cinéticos. O método de Friedman (FRIEDMAN, 1964), por exemplo, ¢ representado pela
Equagdo (11) e um exemplo aplicado a celulose ¢ apresentado na Figura 5, para as taxas de

aquecimento () de 5, 10 € 20 °C min™.

d E,
In (ﬁd—;>=lnA+lnf(a)—ﬁ (1

Para valores constantes de a, o lado esquerdo da Equacdo (11) deve ser plotado versus
1/T, para diferentes taxas de aquecimento. Valores para uma dada conversao, a diferentes taxas
de aquecimento, formam uma reta. Os valores da E, sdo dados pelo coeficiente angular dessa
reta, enquanto o valor de 4 pelo coeficiente linear, considerando f(a) um dos modelos de
reagdo apresentados na Tabela 1 ou o modelo de Sestdk—Berggren (SESTAK; BERGGREN,
1971).
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Figura 5 - Aplicacdo do método de Friedman para a celulose, considerando diversos valores de

conversao e modelo de reagdo de primeira ordem

-5,5

—v— o= 5%
—v— o= 10%

—v—a=15%

-6,0 —v— 0. = 20%
T —o— o =25%
-6,5 —e— 0 =30%
1 —o— . =35%
-7,0 1 —— o = 40%
1 —— o = 45%
_7’5 = —a— . = 50%
J —a— . = 55%

In (Bda/dT)

-8,0 —a— o = 60%
b —o— o = 65%
-8,5 - —e— 0. = 70%

E —o— o =75%

-9,0 Celulose —e— o =80%
T T T T 1 —— o =85%

00014 0,0016 IO e e

UT (k-1 L

Fonte: Propria.

2.6.1.1 Métodos isoconversionais aplicados polimeros encontrados no RSS

Dispositivos médicos sdo submetidos a tratamentos fisicos e quimicos nos processos de
manufatura, como a desinfec¢do e a adicdo de medicamentos em fitas adesivas e faixas,
afetando a degradacdo destes materiais e consequentemente os parametros cinéticos.
Entretanto, poucos trabalhos relacionados a estes materiais sdo encontrados na literatura
(DENG; ZHANG; WANG, 2008).

A andlise termogravimétrica e cinética da pirdlise de 14 dispositivos médicos tipicos foi
desenvolvida (DENG; ZHANG; WANG, 2008), aplicando os métodos de Coats—Redfern
(COATS; REDFERN, 1964), apresentado na Tabela 3. Comparando os dados experimentais
aos dados teoricos obtidos com os parametros cinéticos da degradacdo térmica preditos pelo
modelo, verificou-se uma boa concordancia.

Diferentes modelos cinéticos foram aplicados a um tubo de transfusdo de uso médico,
contendo PVC em sua formulagdo (DENG et al., 2014). Os métodos de Coats-Redfern
(COATS; REDFERN, 1964), Ozawa (OZAWA, 2000) e de Kissinger (KISSINGER, 1957),
descritos na Tabela 3, além do método de Freeman- Carroll (FREEMAN; CARROLL, 1958)
foram comparados. De acordo com os autores, divergéncias entre os valores dos parametros
cinéticos encontrados a partir dos métodos aplicados quando comparados com valores obtidos

da literatura podem ser atribuidas ao efeito das condigdes experimentais, o método aplicado
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para a estimagdo de parametros, o modelo cinético utilizado, bem como a composi¢do do
polimero. Os autores salientam que cada método tem suas proprias caracteristicas e produzem

diferentes parametros cinéticos, os quais flutuam normalmente.

2.6.2 Estimacio de pariametros nao-linear

Uma alternativa ao uso do método isoconversional ¢ o uso de estimagdo de parametros
ndo-linear, predizendo os pardmetros cinéticos utilizando a resolugdo de um modelo de
regressdo nado-linear, utilizando ferramentas computacionais que estabelecem relagdes
funcionais hipotéticas na forma de modelos matematicos, minimizando o erro entre os dados
teoricos e experimentais (GHARASOO; THULLNER; ELSNER, 2017).

As metodologias s3o validadas pela comparacdo entre os dados tedricos e
experimentais, sendo verdadeiros os dados teoricos quando as curvas se sobrepdem
(SANCHEZ-JIMENEZ et al., 2010) ou utilizando o coeficiente de correlagio de Person, sendo
valido o ajuste para valores do coeficiente proximos a 1 (SANCHEZ-JIMENEZ et al., 2012).
No entanto, a abordagem de estimagao de pardmetros ndo-linear nao foi encontrada na literatura
para RSS, considerando polimeros puros ou misturas.

O método isoconversional de Friedman (FRIEDMAN, 1964) foi utilizado para a
determinagdo da E, para a degradacdo térmica da celulose, definida pelo coeficiente angular da
regressdo entre In [(da/dt)/f(a)] e o inverso da temperatura (1/T) (SANCHEZ-JIMENEZ
et al., 2011). O coeficiente de correlacdo linear de Pearson obtido por meio desta linearizagao
foi definido como fung¢d@o objetivo para otimizagao, utilizando a fun¢do maximize do software
Mathcad® para encontrar valores de 4 e f(a) que maximizassem esse coeficiente (igual a 1
para o melhor ajuste). Uma abordagem similar foi aplicada a degrada¢do térmica de um
nanocompésito de poliestireno pelos autores (SANCHEZ-JIMENEZ et al., 2012).

Os valores preditos de E,, obtidos pelo uso do método isoconversional de Friedman
(FRIEDMAN, 1964), foram implementados como valores fixos para predizer os parametros
cinéticos da desvolatizacdo de borrachas de pneus, considerando como modelo de reagdo a lei
de poténcia dada por f(a) = (1 —a)™. A equagdo diferencial ordinaria (ODE, do inglés
Ordinary Differential Equation) do modelo cinético definido foi resolvida utilizando a fun¢ao
ode23s construida no Matlab®, e os parametros cinéticos estimados pela fun¢do fminsearch
construida no MatLab®. A escolha por fixar o valor de E,, aumentando o numero de graus de
liberdade da regressdo ndo-linear multivariavel e, portanto, os pardmetros estimados sdo menos

dependentes das estimativas iniciais. Entretanto, os autores afirmam que maiores valores de
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regressdoes (R?) foram obtidas quando a estimagdo considerou como variaveis todos os
parametros cinéticos, incluindo a £, (DANON et al., 2015).

Considerando a estimagdo de pardmetros nao-linear, poucos trabalhos podem ser
encontrados na literatura determinando pardmetros cinéticos de misturas. Primeiramente, a
decomposic¢do pirolitica do acetato de vinila (EVA), PS, PVC e celulose, foram avaliados de
forma individual (SOUDALIS et al., 2007a), sendo posteriormente comparados em misturas
bindrias entre 0 EVA em vérias propor¢des com PS, celulose e PVC (SOUDALIS et al., 2007b).
Os parametros cinéticos foram determinados considerando dados da literatura como estimativas
iniciais, sendo os dados otimizados por testes de loopback. A rotina construida no Matlab®,
ode45, foi utilizada para resolver a equagdo cinética diferencial. O fator de correlagdo foi
utilizado para comprovar a precisdo entre os dados experimentais e teodricos, obtidos da

literatura, para os parametros cinéticos encontrados.
2.7 ANALISE ESTATISTICA

Como forma de avaliar a qualidade de um modelo obtido a partir de pardmetros
estimados, faz-se a comparagdo com os resultados experimentais. Essa comparacgao ¢ feita
principalmente pela sobreposicao grafica de ambos os resultados. Porém, o desvio do erro pode
ndo ser significativamente apresentado nesse caso. Uma alternativa para a avaliagcdo de modelos
¢ o uso da comparagdo de varias métricas estatisticas, uma abordagem que ¢ pouco utilizada na
literatura (KARRI; SAHU, 2018). Considerando a importancia desta analise, algumas métricas
estatisticas sdo apresentadas na sequéncia, representadas pelas Equagoes (12) a (16).

O coeficiente de determinagao (R?), Equagdo (12), ¢ amplamente utilizado para medir o
ajuste de um modelo de regressdao. Em casos lineares, 0 < R? <1, onde R? = 1 representa o
melhor ajuste (KVALSETH, 1985).

O coeficiente de determinagdo ajustado (Rﬁdj), Equacdo (13), considera o grau de

liberdade de um sistema, sendo visto como uma métrica melhor para a selecdo do modelo do
que o R?, pois supera a diminui¢do da soma dos quadrados dos erros (SSE) devido ao aumento
no numero de parametros do modelo (ANDERSON; BURNHAM, 2002). A SSE, Equagdo (14),
apresenta um aumento quando o desvio do erro entre os valores tedricos e experimentais cresce
(KARRI; SAHU, 2018).

A soma dos erros absolutos (SAE), Equagdo (15), ¢ simplesmente a diferenga absoluta

entre os valores tedricos e experimentais (KARRI; SAHU, 2018).
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O critério de informag¢ao de Akaike (4/C), Equacdo (16), ¢ uma andlise estatistica bem
estabelecida, a qual leva em conta ambos, o SSE e o nimero de pardmetros do modelo, onde a

curva melhor ajustada tem o menor valor de A/C (ANDERSON; BURNHAM, 2002).

2
RZ2=1-— 1iV=1(Xi,6xp _Xi,mod) (12)
= 2
§V=1(Xi,exp - Xi,exp)
N-1 (13)
2 _
Ragy = 1= (N - NP) (1=FR%
N , (14)
SSE = Z(Xi,exp — Ximoa)
i=1
N (15)
SAE = Z|Xi’"“’d — X enp]
i=1
2NP(NP + 1) (16)

AIC = N1 (SSE>+2NP+
R Y N—NP—1

onde N ¢ o nimero de pontos de dados, NP ¢ o nimero de pardmetros, X; mod € Xjexp SA0 08

dados obtidos utilizando os valores estimados e experimentais, respectivamente, € X; ., 0 valor

médio dos dados experimentais.
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3 RESULTADOS

Os resultados desta tese estdo apresentados na forma de dois artigos:

Artigo 1: An approach to assess and identify polymers in the health-care waste of a
Brazilian university hospital. Autores: Joana B. Lourengo, Thiana S. Pasa, Daniel A. Bertuol
and Nina P. G. Salau. O artigo foi publicado em 2020 no periddico Journal of Environmental
Science and Health, Part A, Qualis A2, na darea de engenharias II. DOI:
10.1080/10934529.2020.1744405.

Artigo 2: Kinetic parameter estimation of nonlinear reaction models applied to the
thermal degradation of health-care waste polymers. Autores: Joana B. Lourengo, Daniel A.
Bertuol, Nina P. G. Salau. O artigo foi submetido em 2020 para publicagdo no periddico

Thermochimica Acta, Qualis Al, na area de engenharias II.
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3.1 AN APPROACH TO ASSESS AND IDENTIFY POLYMERS IN THE HEALTH-
CARE WASTE OF A BRAZILIAN UNIVERSITY HOSPITAL

Joana B. Lourenco'?, Thiana S. Pasa’, Daniel A. Bertuol' and Nina P. G. Salau'

'Chemical Engineering Department, Universidade Federal de Santa Maria, Santa Maria, Brazil;
’Material Engineering Department, Universidade Franciscana, Santa Maria, Brazil;’Hospital

Universitario de Santa Maria, Santa Maria, Brazil.

Abstract

This work presents the health-care waste (HCW) management and an approach to assess and
identify polymers in a General Surgery Unit - Internment Service (GSU) of a Brazilian
university hospital, to estimate the main polymers presenting in medical devices that are
consumed during a year, discarded either as infecting (Group A) or as scarifying residue (Group
E). Among the waste produced from the medical devices, 3.14 ton (98.79%) were composed of
polymers (63.06% of plastics and 35.73% elastomers) while around 0.03 ton (1.21%) by metals.
The proposed approach is composed of 4 steps: 1) Collecting data about consumed medical
devices to be categorized into the residues Groups (A and E); 2) Identifying the polymeric
composition with information provided by suppliers; 3) Characterizing the polymer functional
groups by Fourier-Transform Infrared Spectroscopy (FTIR) and 4) Determining the polymer
melting point by Differential Scanning Calorimetry (DSC). According to the results, the
analyzed HCW was composed mainly of polypropylene (80.88 %), high-density polyethylene
(5.28 %), polystyrene (4.51 %), and cellulose (3.58 %), from a total of 11 different polymers.

KEYWORDS: health-care waste assessment; hospital; polymers; Fourier-Transform Infrared

Spectroscopy; Differential Scanning Calorimetry.

Introduction

From all worldwide Health Care Waste (HCW), between 75% and 90% are comparable
to domestic waste, whilst the remaining are hazardous and potential environmental and health
risks 1. The HCW can be dangerous, toxic, lethal, and transmit diseases. The physical injuries
caused by sharps needles are the major problem of this waste since it contributes to the spread
of infectious diseases!?). In addition, the infected HCW has higher disposal costs when
compared with those that are not infected®.

In Brazil, 4,518 cities have a system of HCW collection, treatment, and final disposal,
which account for about 256,941 ton of this waste and, therefore, 1.2 kg of HCW per capita per

year. Currently, the annual treatment capacity of the country is around 367,665 ton per year.
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From all HCW collected, 47.6% are incinerated, 27.6% are sent to other destinations, like
landfills, septic tanks, and dumps, without previous treatment, 22.1% are autoclaved and the
remaining 2.7% are treated by microwave. In the State of Rio Grande do Sul, 5,154 ton per year
of HCW are collected and the annual recycling capacity is 23,360 ton per year [4],

HCW in Brazil is classified into five groups, in agreement federal legislation [>61:
Group A: residues with the presence of biological agents, like cultures of microorganisms,
transfusion bags containing blood and anatomical parts;

Group B: wastes containing flammable, corrosive, reactive or toxic chemicals such as
hormones, antiretroviral, sanitizing wastes, disinfectants, and laboratory reagents;

Group C: materials containing radionuclides from nuclear medicine and radiotherapy services;
Group D: wastes compared to household waste, such as sanitary paper, disposable diaper and
food leftovers;

Group E: scarifying materials such as razor blades, needles, scalps, glass ampoules, broken
glass, and similar materials.

Although the incineration method is the most used in Brazil, it produces toxic gas
emissions, often containing cadmium, hexavalent chromium, lead, mercury, polychlorinated
dibenzo-p-dioxins, and polychlorinated dibenzofurans [-#l, Moreover, the HCW contains a
higher plastic content, generally greater than those found in municipal solid waste [,

There are several alternatives to the HCW plastic recycling, which would avoid the
incineration, such as the use of polyvinyl chloride (PVC) in the production of hoses and floors
(191 polypropylene (PP) and polyethylene (PE) in flooring '], and the use of recycled medical
devices to make sharps collectors !, Energy recovery mechanisms are also widely used to
treat the HCW. For instance, heavily contaminated waste can be feed into a catalytic process to
obtain gases containing valuable hydrocarbons 13! or transformed in synthesis gas to produce

energy U4

. The polymers presented in the HCW can be transformed in liquid fuels with
chemical and physical properties closer to those of commercial fuels like diesel and petroll!>-
171 with a lower heating value (LHV) of 19.1-M1J kg™! [!8], Furthermore, the metal, carbon black
and glass can be recovered as by-products 7],

To evaluate the HCW generation rates and quantities is essential to apply a waste
management system in the hospitals '], Moreover, the assessment and identification of
recyclables materials in HCW could support in developing innovative technologies to
categorize, sterilize and reuse these materials ?%). The first step in the recycling process is the

categorization of plastics and their classification, with proper instrumentation for identification

of plastics, which is challenging under industrial conditions where there is an economical trade-
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off between fraction purity, recovery, and capacity !l. In view of the polymer identification,
there is a great variety of methods available, most often through Fourier Transform Infrared
Spectroscopy (FTIR), thermal study (DSC), and sample techniques (identification using
standardized codes and burning test)!?],

An important study about plastics identification from HCW was conducted by I,
considering facilities, laboratories, operating rooms, and cafeterias as the major sources of
plastic wastes generated by hospitals. The average plastic content of all medical wastes was
about 30% by weight. The information on the plastic composition was obtained through the
records of plastics purchased by the hospitals, reports from hospital authorities, medical
suppliers, and medical plastic recycling companies, besides using the codes of the Society of
the Plastics Industry. The relative compositions and types of plastic wastes found can be
summarized as blood bags (PVC), sharps (PP and PE), tubing (PVC and HDPE), gloves (PVC,
PP, and PS), packaging (PVC, PE, and PS), health kits (PVC), and nursery items (PE and PP).
The percentage of each medical device was identified and weighed, although not as a function
of the polymer composition.

The manufactures information approach was also applied in the work of [!!] to identify
plastic types used in an operating suite from a hospital. The authors identified polymers such
as PP (surgical instrument wraps), PE (saline and water ampoules, intravenous fluid bag),
polyurethane (PU, present in anaesthetic trays), and PVC (oxygen masks, oxygen tubing).

In the thermolysis of syringes from HCW to produce liquid fuel, the presence of PP was
endorsed by the use of the differential thermogravimetry (DTG) . A medical transfusion tube,
containing mainly PVC in composition, was evaluated in the work of ?* where the
thermogravimetric analyzes (TGA) and the ultimate analyzes of the medical device were
compared to literature data and pure PVC to confirm the presence of this polymer. The
composition of plastic bottles and plastic infusion bags from a HCW were chosen to represent
the plastic medical waste, mainly composed of PS and PP, identified using Fourier-Transform
Infrared Spectroscopy (FTIR) 23],

In a thermochemical conversion of polymer wastes from a hospital, a sample containing
low density polyethylene (LDPE, 25%), high density polyethylene (HDPE, 37%), PP (33%)
and PS (5%) were evaluated 3], Representative components that are commonly present in
HCW were selected in the work of 1261, comprised of 13 different items, containing PVC, LDPE,

natural rubber, cellulose, and so on. In the work of [?7]

, pyrolytic oil was obtained by the thermal
pyrolysis of a plastic-based HCW, consisted of PE and PP as the main component. However,

none of these works mentioned the methodology for polymer identification.
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Although some works that dealt with the identification of polymers in the HCW can be
identified in the literature, there is a lack about studies focusing on the HCW management and
polymer identification and recycling to avoid HCW disposal, which demands high costs and
landfill space. Here, only the work of Pl has taken this issue into account. Therefore, a
systematic approach to identifying plastics in the HCW, which should be the first step to
propose a recycling strategy, is still an uncovered issue.

Therefore, the objectives of this work are: (a) to present a sequence of steps for the
HCW management for Group A and Group E, applied in a Brazilian university hospital in the
city of Santa Maria; (b) to propose a method to assess and identify polymers in this HCW,
consisted of 1) Collecting data about consumed medical devices to be categorized into the
residues Groups (A and E); 2) Identifying the polymeric composition with information provided
by suppliers; 3) Characterizing the polymer functional groups by Fourier-Transform Infrared
Spectroscopy (FTIR) and 4) Determining the polymer melting point by Differential Scanning
Calorimetry (DSC); and (c) to determine recycling strategies to reduce this HCW disposal,

preventing environmental damage and saving resources.

Materials and method

In Brazil, 4267 private and 2435 public hospitals have a capacity of 260,695 and
149,530 hospital beds, respectively 28] Among the public hospitals, 50 are Federal University
Hospitals that are linked to 35 Federal Universities in Brazil [2°1. This work was conducted in
the Santa Maria Federal University Hospital (HUSM), located in Santa Maria city, Rio Grande
do Sul state, Brazil. Due to their size and complex organizational structure, only the General
Surgery Unit - Internment Service (GSU) was chosen for this study, because it is the largest
unit, produces residues of all groups and allows their delimitation.

The HCW management follows a sequence of steps up to the final disposal or
destination, as presented in Figure 1. These steps are defined in Brazilian legislation > and

applied at GSU, conforming to the materials and their respective characteristics.
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Figure 1 - A sequence of steps for health-care waste (HCW) management based on Brazilian

legislation applied in hospitals [>-¢]

Generation External collection —» External
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Identification [#| Internal transport

Group A is identified by the symbol of infecting substance labels in white background
with drawing and outlines in black [°]. White bags of 30 L, 50 L, and 100 L are used, which are
after placed in containers of washable material, puncture, rupture, and leakage resistant,
covered with an opening system, rounded corners and tipping resistant.

Group E is identified by the symbol of biologic risk, labels with a white background
with drawing and outlines in black, plus the inscription “Scarifying residue” [°l. They are
discarded separately in generation place, immediately after their use, in a rigid container,
puncture, rupture and leakage resistant, with cover, properly identified. In the GSU a rigid
yellow cardboard container with a security lock and infecting symbol is used 271,

The internal collection is performed inside the GSU and consists of collection and
transportation to the “Waste Room” of HUSM for temporary storage. Each floor of the hospital
has one. Subsequently, internal transportation is carried out in a mobile container with a
capacity of 400 L, where all Groups are allocated in specific packages.

Currently, a private company is in charge of transportation of the HCW of Group A and
Group E from HUSM to a company located in Sao José¢ dos Pinhais, Parana state, which is
around 860 km far away. Group A residues are weighted in mass units (kg), whilst Group E in
volume (L), according to the private company pricing policy for disposal.

There, the HCW is autoclaved and sent to the industrial landfill of the company, an

expensive operation without recycling opportunities.
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To identify the polymers presented in the HCW, data from the medical devices
consumed in the GSU, which are provided from the Warehouse Service (WS) and Warehouse
for Health Products (WHP) were assessed during the period of a year, from August 1%, 2018 to
July 31, 2019. The proposed methodology is shown in Figure 2.

In this work, only materials containing polymer in their composition and with a
consumption larger than 1000 units per year, discarded in Groups A and E from the GSU, were
assessed. Materials of Groups B, C, and D were not considered in this work because Group B
has a non-systematic generation !, Group D is currently recycled or suited as general waste

and Group C is considered a residue only after their decay time when it needs to be reclassified
[3]

Collecting data about consumed medical devices to be categorized into the residue’s

groups

Data from WS and WHP were collected and assessed to determine the number of
medical devices consumed in the GSU in accordance with the delimitation aforementioned.
HUSM gently donated three brand new samples of each item, since the hospital has no
autoclave for decontamination of the post-consumer medical devices, which could also be used
to determine the medical devices presented in the HCW. Although some medical devices are
also composed of elastomeric polymers, only plastic polymers were chosen to be identified.

The polymeric composition of the medical devices was determined by the package
information. If the polymeric composition was not detailed in the package, this information was
either searched on websites or was informed by suppliers. In the case of unfulfilled or doubtful

information, the identification was made by laboratory techniques.

Characterization of the polymer functional groups by FTIR

Fourier-Transform Infrared Spectroscopy (FTIR) has great applicability in the
qualitative characterization of chemical structures of polymers [32-36]. The resulting spectrum
is related to the wavenumber to the transmittance, producing characteristic peaks, allowing the
identification of the functional groups which characterize a specific compound [34,37].

FTIR spectra of the not identified polymers were recorded on a Shimadzu, IRPrestige-
21, Japan. The samples were finely ground using a waterproof paper (Norton, T216, number

80, Brazil), and 0.5 to 1 mg of the powder obtained were mixed with approximately 100 mg of
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KBr (Pike Technologies, FT-IR grade, United States) in an agate mortar. These mixtures were
compressed into pellet forms under pressure of 80 kN in a Shimadzu, SSP-10A, Japan, for 10
min. The FTIR spectral analyzes were performed within the wavenumber range of 500-4500

cm’! for 45 scans at a spectral resolution of 2 cm’!, recorded at room temperature.

Figure 2 - The proposed methodology to assess and identify polymers in the health-care waste

(HCW) in a General Surgery Unit - Internment Service (GSU) of a Brazilian university hospital.
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collection
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Identification of polymeric composition from information provided by suppliers

Determination of the polymer melting point by DSC

Polymers, such as high density polyethylene (HDPE), linear low density polyethylene
(LLDPE), and low density polyethylene (LDPE), present very similar spectra by FTIR, which
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causes great difficulty in their identification [34,38]. The major difference among PE grades is
their degree of branching, number, and size of ramifications [38]. In DSC analyzes it can be
observed a peak between 126 °C and 135°C for HDPE, at 126°C for LLDPE and between 105
and 118°C for LDPE [39], which can be used to discriminate these polymers.

DSC tests were performed on a Shimadzu, DSC-60 Plus, Japan. Samples of 10 mg were
encapsulated in aluminum pans and treated at a heating rate of 20 °C/min with nitrogen as
carrier gas at a flow rate of 50 mL/min. They were heated from ambient temperature to 300°C
to erase any previous thermal history and, then, cooled to ambient temperature and heated again

to 300 °C. Melting temperature was obtained from the second melting endotherm [40].

Results and discussion

During the period of August 1th of 2018 to July 31th 0of 2019, a total of 123,134 and 17,
248 patients were cared for in the HUSM and the GSU, respectively. The HUSM produced
141.46 ton of Group A and 76.74 L of Group E HCW (1.15 kg of Group A and 0.62 L of Group
E per patient), while in the GSU, 11.90 ton of Group A and 7.82 L of Group E HCW (0.69 kg
of Group A and 0.45 L of Group E per patient). The results obtained using the proposed
methodology to identify the polymers are presented in Table 1. Considering the medical devices
assessed in this work, 3.14 ton (98.79%) are composed of polymers (63.06% of plastics and
35.73% elastomers), besides 0.03 ton (1.21%) of metals were identified.

Collecting data about consumed medical devices to be categorized into the residue’s groups

Considering the scope of this study, 371 different items of medical devices are
consumed in GSU, as reported by the list provided by WS and WHP. Among these items, only
32 could satisfy the chosen criterion. All samples were numbered from 1 to 32 in the following
figures and tables. Photos of these items are presented in the Supporting Materials (Part A).
Figure 3 illustrates a medical device, before and after the disassembling process, made with
plier and shear. With the medical devices separated, each item was weighted to determine the
mass composition, considering metal, elastomers, and plastics. The plastic part was selected to

be characterized in the sequence.
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Identification of polymeric composition from information provided by suppliers

The package composition information is not necessary when the materials are not
recyclable, as stated in Brazilian legislation [41]. Using only medical devices package
information, seven items (21.88%) had their polymeric composition identified (Table 1). As
reported by the package information, sample 30 contains PE, though no information about PE
grade was found. Finding information on websites or directly asking for the suppliers, more ten
items were identified exclusively by this approach (31.25%). Using a combination of the
information from packages and form contact with suppliers, one more item could be identified.

Thus, 18 items out of 32 (56.25%) were identified in this step.
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Table 1 - Medical devices evaluated from August 1st, 2018 to July 31st, 2019 in the GSU and the materials composition determined using the

methodology proposed
. . . Plastics identified in this study (kg)

Medical device Units — Growp” 55 HppE  PS_ Cellulose ABS PET_PVC EVA PC__PU_LDPE Liastomer Metal
1 Isopropyl alcohol (70%) wipe sachets® 149100 A 23.86
2 Disposable needle (1.2 x 40 mm)? 89050 E 56.99 28.33
3 Sterile disposable syringe (10 mL)? 85049 A 605.55 55.28
4  Disposable needle for medication aspiration (1.2 x 25 mm)? 38556 E 22.75 5.01
5 Disposable sterile lancet® 38000 E 81.54 0.54
6  Sterile disposable syringe (20 ml)? 33550 A 399.58 48.98
7  Disposable needle with safety dispositive 13 x 0.45mm? 23330 E 37.33 0.47
8  Sterile disposable syringe for insulin? 20250 A 50.02 2.23
9  Sterile disposable syringe luer lock beak (5 mL)? 16450 A 73.86 7.07
10 Gynecological Disposable Glove, unique size' 8750 A 17.68
11 Equipment for parenteral infusion, 15 um? 8305 B/E 90.36
12 Disposable needle with safety dispositive (0.8 x 25 mm)3 8300 E 19.92 0.58
13 Sterile disposable syringe luer lock beak (3 mL)? 6450 A 19.16 1.16
14 Volumetric infusion pump equipment with particle filter of 15 um? 5505 B/E 35.84
15 Disposable syringe sterile slip beak (20 mL)? 4925 A 50.88 7.09
16 Peripheral intravenous catheter (caliber 20 G x 1%4)>2 4451 E 5.54 3.96 0.09 0.62
17 Disposable needle with trifacet and shear bevel (1.6 x 40 mm)3 4214 E 2.74 1.39
18 Urine collector, 80 mL>* 4105 A 1897 10.14
19 Tracheal aspiration probe 12! 2980 A 12.99
20 Peripheral intravenous catheter (caliber 22 G x 1")*? 2675 E 342 2.39 0.03 0.29
21 Three-Way Tap, to intravenous infusion? 2220 A 4.68 3.89
22 Ambidextrous disposable glove, small size' 2063 A 1000.68
23 Adapter for serum flasks? 2016 E 0.87 5.46 0.87
24 Chemotherapy apron size G>! 1970 A 160.22  90.13
25 Hypoallergenic adhesive tape, 25 mm x 10 m! 1943 A 32.47
26 Ambidextrous disposable glove, medium size' 1812 A 9.65
27 Peripheral catheter fixator, 7 cm x 9 cm>! 1502 A 1.78
28 Disposable razor® 1282 E 10.55 3.76 0.96
29 Hypoallergenic adhesive tape, 50 mm x 10 m! 1252 A 39.30
30 Disposable electrode for electrocardiogram!-# 1170 A 0.06 0.18 0.17 0.30
31 Tracheal aspiration probe 14! 1110 A 6.15
32 Disposable needle with safety device (0.7 x 25 mm)? 1100 E 2.62 0.08

Total (kg) 1621.62 105.82 90.36  71.83  47.66 23.86 19.14 17.68 3.89 2.08 1.04 113591 38.56
Total of the polymers analyzed in the medical devices (%) 80.88 528 451 3.58 238 1.19 095 0.88 0.19 0.10 0.05

"Packing information’s; 2Contact with suppliers or a research in this companies’ website; *FTIR; “DSC; *According to Brazilian legislation (361,
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Figure 3 - Example of medical devices disassembly conforming to its material composition. (a)
Sample 10 is the medical device before the disassembling and (b) after. After separation, each

item is weighted to determine the mass composition of metal, elastomers and plastics.

(a) (b)

Characterization of the polymer functional groups by FTIR

Examples of the FTIR spectra obtained in the characterization of functional groups of
the six polymers identified in the medical device samples are illustrated in Figure 4. FTIR
spectra obtained in the identification of all the medical devices are presented in the Supporting
Materials (Part B), along with the FTIR spectrum of the waterproof paper used to produce the
polymer powder. Bands near 3448 cm! and 1639 cm™! are usually present in the FTIR spectra,
corresponding to moisture, which is usual for the pressed disk technic with KBr, whilst the peak
near 2350 cm! is characteristic of CO., due to the air presented in the sample compartment
[42—44]. The moisture could be reduced by heating the samples for 5 h at 60 °C [36] and the
presence of moisture and CO; can be avoided using vacuum [38]. However, the FTIR spectra
were obtained without such techniques, which are more time consuming [38]. Thus, they were
not applied in this work. Regardless, due to the importance of this issue, the FTIR spectra of
sample 3, using the pressed disk technique, was obtained by the comparison of different
techniques: (a) without the use of any technique to avoid moisture or carbon dioxide presence,
(b) using vacuum and (c) using a drying process. The results were shown in the Supporting

Materials (Part C).



62

Figure 4 - Examples of FTIR spectra produced from the polymer identified at GSU: (a) PP, (b)
PE, (¢) PS, (d) ABS (e) PET and (f) PU'.
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'PP: sample 2; PE: sample 18; PS: sample 11; ABS: sample 14; PET: sample 1; PU: sample 27, numerated
according to Table 1.

Analyzing the FTIR spectra for the polyethylene terephthalate (PET) identification, the
(CH>) groups are seen at 2902 cm™ and 1410 cm™!. The carbonyl stretching vibration (C=0)
appear at 1707 cm™! and the phenyl groups at 1572 ¢cm™!. The (C-O) stretching vibrations are
visible at 1238 cm™! and 1093 ¢cm™! and the benzene rings absorption at 712 cm™! [45,46].
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On the PP FTIR spectrum, the (C-H) stretching vibration appears at 2913 cm™! and 2843
cm’!, the (CH,) bend at 1446 cm™! and the (CH3) bend at 1378 cm!. The (C-H) bend, the (CH3)
rock and the (C-C) stretching vibrations are seen at 1163 cm™!. The absorption band of the (CH3)
rock, (CHs) and (CH) bend are visible at 965 cm™'. The (CH>) rock and (C-CH3) stretching can
be seen at 840 cm! [34,39,47].

For the PS, the band assignable to the (C-H) aromatic stretching is identified at 3022
cm!. The (C-H) stretching is seen at 2921 cm!. The aromatic ring stretching is visible at 1604
cm! and 1488 cm!. The (CH>) bend at 1441 cm’!, the aromatic (C-H) bend at 1022 ¢cm™, the
aromatic (C-H) out-of-plane bend at 695 cm™ and the aromatic ring out-of-plane bend is seen
at 538 cm™! [34,39,47].

For the acrylonitrile butadiene styrene (ABS), the symmetric and asymmetric
deformation of (CH>) groups appear at the band at 2921 and 2845 cm'. The (C=N) bond at
2237 c¢cm!, the styrene moieties at 1604 cm!, the (CH2) bend at 1456 cm™ and the trans-2-
butene-1,4-diyl moieties at 962 cm™! [48,49].

The polyurethane (PU) presents the (CH») stretching at 2968 cm™! and 2864 cm™!. The
stretching vibration absorption of the (NCO) group is seen at 2350 cm™!. The band at 1702 cm™!
corresponds to the hydrogen bonding between NH and C=0O groups of the soft segments of
urethane linkage and the (CH>) vibration at 1473 cm! [34,50,51].

The presence of PE was also verified by FTIR, for sample 18 and 30, through the (C-H)
stretching peaks at 2917 cm! and 2862 cm!, to (CH,) bend at 1457 cm! and the (CH>) rock
vibration at 714 ¢m™'[39,47]. As the PE grade could not be identified by FTIR, these samples
were subjected to DSC analyzes.

Only by FTIR, 9 items out of 32 were identified (28.12%). Combining FTIR with the
step of subsection 5.2, the other 3 items could be classified. Therefore, at this point (with steps

of subsections 5.2 and 5.3) 93.75% of medical devices were identified.

Determination of the polymer melting point by DSC

DSC was applied to distinguish PE grades of the 2 remaining samples and the results
were presented in Figure 5. The peak of 136.87°C was found for sample 18, which can be
attributed to HDPE. The peak of 107.14°C, for sample 30, is typical of LDPE [39]. Thus, with
DSC, 2 items out of the 32, i. e. 6.25% of the medical devices, were finally identified.
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Figure 5 - DSC curves of samples 18 and 30, classified as PE.
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Composition analyzes of the HCW medical devices

From the 32 medical devices assessed, 11 different polymers were identified, composed
mainly by polypropylene (80.88 %), HDPE (5.28 %), PS (4.51 %), cellulose (3.58 %), ABS
(2.38 %) and PET (1.19%). Other polymers were found in small quantity (less than 1%): PVC
(0.95 %) EVA (0.88%), PC (0.19%), PU (0.10%), LDPE (0.05%).

The main strategy for polymer identification was the information obtained from
suppliers (56.25%), followed by FTIR (28.12%), and DSC (6.25%). The remaining percentage
was found using a combination of the techniques.

PP was the major polymer identified in the present study, being the syringes are the
main source of this polymer (70.24%). The syringes evaluated in this work are composed of
90.34% of PP and 9.66% of elastomers. Considering only this material, 1139.05 kg of PP could
be recycled in a year only in the GSU. The PP was also found in the needle, catheter, urine
collector, and mask, among other widely consumed items. Comparatively, in the work of [3],
the plastic syringes have also contributed as the highest proportion of total plastic in the HCW
(21%).

The PP has good properties for medical applications, as chemical and temperature
resistance [52], alongside a well-determined recycling process [53]. Also, the LHV of PP is 41
M1J kg''[54], a value very similar to those of diesel, which demonstrates the potential of this
polymer to produce valuable fuels [11,13,15].

HDPE was recognized in the three-way tap, urine collector, chemotherapy apron size
and the adapter for serum flasks. LDPE was only employed in the disposable electrode for
electrocardiograms. Both polymers can be used for energy recovery by thermocatalytic

degradation or pyrolysis, with a LHV of 37.1 MJ kg'! and 40.8 MJ kg!, respectively>2-34,
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PS was only found in the equipment for parental infusion. This polymer is not
recommended to be handle in high temperature, e.g. in an autoclave or steam sterilization [°°],
however, it can be recycled, reincorporated to different materials production [°%), and also be a
fuel surrogate (LHV of 38.6 MJ kg-1) [11,13,15,54].

Cellulose was the only natural polymer found in the HCW, used as raw material to
produce the viscose rayon for the hypoallergenic adhesive tape. Furthermore, a cellulose gel is
used in the disposable electrode for electrocardiograms. The viscose rayon can be used for
energy recovery strategies as pyrolysis, presenting a lower LHV value of 16.3 MJ kg ![7],

ABS was identified in catheters and the volumetric infusion pump equipment. It is a
low-cost material and has good processability, allowing recycling %,

PVC was determined only in the tracheal aspiration probe of different diameters. The
environmental impact of this polymer incineration in concern because of the production of
chlorine and volatile organic compounds [*°1. Therefore, this polymer should be separated
during the HCW recycling [21]. Since the information about plastics composition in the HCW
can be used to prioritize the type of polymers in medical devices [3], PVC should be eliminated
or replaced in the HCW.

Considering that PP is the major identified polymer in this work (80.88%), %), it may
be the first polymer to be considered for recycling. It is well known that the HCW has great
potential to be infected and hence such wastes are generally not considered for recycling
because the Brazilian legislation prohibits this practice[5]. To change this reality, recycling
should be considered with permission of the regulations concerning medical wastes [3].
Moreover, due to the diversity of polymers found in HCW, consisted of 11 different polymers,
which may require a complex separation mechanism of these polymers. Thus, this process may
not be feasible. Many hospitals are trying to use a more homogeneous material to simplify
polymer recycling [3].

PP, HDPE, PS, and cellulose corresponds to 94.25% of all polymers found in this study
and have the LHV between 16.3 MJ kg™! and 41 MJ kg'!. Considering the heterogeneity of the
identified polymers as well as the LHV of the main polymers, the best strategy to recycle the
HCW polymers is the pyrolysis as an energy recovery mechanism to obtain liquid fuel
[15,25,27]. According to the results of this work, it is possible to establish the best operating
conditions to an efficient pyrolysis process, determining the degradation kinetic and the LHV
of the known polymer mixture, which is utmost important to evaluate technical and economic

feasibility of this recycling process.
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Conclusion

An approach to assess and identify polymers in the HCW of a Brazilian university
hospital was presented in this study. Although the comparison among the different studies about
plastics in the HCW is seen as a very difficult task, mainly because of the diversity of the
materials found in HCW as well as the management of this type of waste, the proposed
methodology for polymer identification can be applied in any hospital worldwide, using the
systematic combination of information provided by suppliers, FTIR and DSC techniques.

Due to the polymers diversity found in the HCW, which may require a complex
separation mechanism for recycling, besides of considering HCW as an infected waste, the
energy recovery mechanisms using the pyrolysis process to produce liquid fuels is seen as the
best strategy to recycle such waste. The liquid fuel could be used in the boilers of the hospital,
avoiding disposal costs and making better the use of the polymers found in the medical devices,
saving environmental and financial resources. Therefore, a future direction of the current work
is to determine the kinetic parameters of the polymer mixture of HCW found in this study and
then evaluate the conversion of such polymer mixture into an alternative fuel by an efficient

pyrolysis process, which may have technical and economic feasibility.
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APPENDIX A

PART A - Photographs of the medical devices of this study

This appendix presents photographs of the medical materials used for this study. The arrow

presented in each image represents 3 cm length.

Figure. A.1. Isopropyl alcohol (70%) wipe sachets, sample 1

Figure. A.2. Disposable needle (1.2 x 40 mm), sample 2

Figure. A.3. Sterile disposable syringe (10 mL), sample 3

Figure. A.4. Disposable needle for medication aspiration (1.2 x 25 mm), sample 4
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Figure. A.5. Disposable sterile lancet, sample 5

Figure. A.6. Sterile disposable syringe (20 ml), sample 6

Figure. A.7. Disposable needle with safety dispositive 13 x 0.45mm, sample 7

Figure. A.8. Sterile disposable syringe for insulin, sample 8

Figure. A.9. Sterile disposable syringe luer lock beak (5 mL), sample 9




Figure. A.10. Gynecological Disposable Glove, unique size, sample 10

Figure. A.11. Equipment for parenteral infusion, 15 um, sample 11

Figure. A.12. Disposable needle with safety dispositive (0.8 x 25 mm), sample 12

Figure. A.13. Sterile disposable syringe /uer lock beak (3 mL), sample 13

Figure. A.14. Volumetric infusion pump equipment with particle filter of 15 pm,
sample 14
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Figure. A.15. Disposable syringe sterile slip beak (20 mL), sample 15

Figure. A.16. Peripheral intravenous catheter (caliber 20 G x 1%4), sample 16

Figure. A.17. Disposable needle with trifacet and shear bevel (1.6 x 40 mm), sample

17

Figure. A.18. Urine collector, 80 mL, sample 18

Figure. A.19. Tracheal aspiration probe 12, sample 19




Figure. A.20. Peripheral intravenous catheter (caliber 22 G x 1"), sample 20

Figure. A.21. Three-Way Tap, to intravenous infusion, sample 21

Figure. A.22. Ambidextrous glove, small size, sample 22

Figure. A.23. Adapter for serum flasks, sample 23
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Figure. A.24. Chemotherapy apron size G, sample 24

Figure. A.25. Adhesive tape, 25 mm x 10 m, sample 25

Figure. A.26. Ambidextrous glove, medium size, sample 26

Figure. A.27. Peripheral catheter fixator, 7 cm x 9 cm, sample 27.
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Figure. A.28. Disposable razor, sample 28

Figure. A.29. Adhesive tape, 50 mm x 10 m, sample 29

Figure. A.30. Disposable electrode for electrocardiogram, sample 30

Figure. A.31. Tracheal aspiration probe 14, sample 31
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Figure. A.32. Disposable needle with safety device (0.7 x 25 mm), sample 32




PART B - FTIR from medical devices analyzed in this study

Figure. B.1. Isopropyl alcohol (70%) wipe sachets, sample 1.
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Figure. B.2. Disposable needle (1.2 x 40 mm), sample 2. (a) Pink colored part and (b)
uncolored part.
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Figure. B.3. Disposable needle for medication aspiration (1.2 x 25 mm), sample 4. (a) Red
colored part and (b) white colored part.
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Figure. B.4. Disposable sterile lancet, sample 5. (a) White colored part and (b) yellow

colored part.
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Figure. B.5. Equipment for parenteral infusion, 15 pm, sample 11, only scarifying
part
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Figure. B.6. Disposable needle with safety dispositive (0.8 x 25 mm), sample 12. (a)
Uncolored part, (b) pink colored part and (c) green colored part
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Figure. B.7. Volumetric infusion pump equipment with particle filter of 15 pum,

sample 14, only scarifying part.
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Figure. B.8. Disposable needle with trifacet and shear bevel (1.6 x 40 mm), sample 17. (a)
White colored part and (b) uncolored part.
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Figure. B.9. Urine collector, 80 mL, sample 18. (a) Red colored part and (b) uncolored

part.

100 4 100 -
S S (a) 2921
~ ~ a) 292
8 909 @2021 S ] (b) 2840
g (b) 2845 g 1460
= (c) 1738 Z 904 ©
£ 804 (a) 1465 g @ 1373 d
g () 1305 g (¢) 1163 a <
& (01027 b = (5965

704 (g) 723 a ——PE ——PP

(2) 840
80

T T M T ) T M T M T . T M T M 1
4500 4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm’l)

(a)

) T M T T T M T M T M T T T M 1
4500 4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'l)

(b)



Figure. B.10. Peripheral intravenous catheter (caliber 22 G x 1"), sample 20. (a) Blue

colored part, (b) uncolored part and (c) uncolored cover. The same was considered for
sample 16, from the same manufacturer.
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Figure. B.11. Peripheral catheter fixator, 7 cm x 9 cm, sample 27. (a) Red adhesive, (b)
uncolored adhesive, (c) three white layer and (d) white adhesive.
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Figure. B.12. Disposable razor, sample 28. (a) transparent protective cap, (b) bar below
the metal blades, (c) rigid material from the main support.
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Figure. B.13. Disposable electrode for electrocardiogram, sample 30, uncolored
layer.
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Figure. B.14. Waterproof paper used for produced polymer powder for FTIR
analysis.
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PART C - Analysis of methods applied to improve FTIR analysis

The Fourier-Transform Infrared Spectroscopy (FTIR), using the pressed disk technic
with KBr (Shimadzu, IRPrestige-21, Japan), was chosen in this work as one of the methods to
identify polymers. According to the literature, the presence of water and carbon dioxide in the
spectra obtained using this technique is very common. Bands near 3448 ¢cm™ and 1639 c¢cm™!
corresponding to moisture, besides the peak near 2350 cm™! is characteristic of carbon dioxide,
due to the air existing in the sample compartment 42441,

Considering the importance of the FTIR in polymer identification, the techniques of
drying and a vacuum were applied in sample 3, the sterile disposable syringe (10 mL), which
represents the main material containing polypropylene in this study and the major polymer
identified. For the vacuum process, a vacuum pump (Sparmax, TC-63V, Taiwan), operating at
700 mm Hg for 10 min, was used to reduce the moisture and the presence of carbon dioxide
381 An oven heated for 5h at 60°C 3% was applied to dry the sample. The results illustrated in
Figure C.1 showed that both strategies were not able to reduce neither the moisture (peak near
1639 cm™! and 3448 cm!) nor the carbon dioxide presence (2350 cm™).

There are many experimental challenges that explain these results. First of all, it is very
difficult to obtain a homogeneous disk containing KBr as well as to have the polymer well
dispersed using an agate mortar, due to the particular physical characteristics of the polymers,
such as densities and hardiness. In this work, many experimental tests were conducted to better
evaluate the ideal amount of polymer in the disk. Aiming to improve the polymer dispersion,
liquid nitrogen was applied with no success, since only a slight improvement was observed. It

was observed the better spectra was obtained when the polymer amount placed in the disk varied
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from 0.5 mg to 1 mg. Due to the small amount of polymer placed in the disk with around 100
mg of KBr, any moisture or carbon dioxide spectra could be well detected, without degrading
the polymer identification.

More precise and expensive equipment than the one available at Federal University of
Santa Maria, as the Attenuated Total Reflectance (ATR) FTIR, would prevent the necessity of
the pressed disk with KBr and would make possible to obtain better results B4,

Anyhow, the presence of moisture and carbon dioxide has not degraded the
identification of the polymers in the samples analyzed in this work. The highest intensity peak
for water is near 3448 cm’!, which in general is not a region of interest for the polymer

identification [?2) and hence, the presence of moisture has not influenced the analysis.

Figure C.1. Sample 3 using the pressed disk technique to obtain the FTIR spectra (a) without

the use of any technique to avoid moisture or carbon dioxide presence, (b) using a vacuum

and (c) using a drying process.
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3.2 KINETIC PARAMETER ESTIMATION OF NONLINEAR REACTION MODELS
APPLIED TO THE THERMAL DEGRADATION OF HEALTH-CARE WASTE
POLYMERS

Joana B. Lourenco®’, Daniel A. Bertuol?, Nina P. G. Salau?
2Chemical Engineering Department, Universidade Federal de Santa Maria

®Material Engineering Department, Universidade Franciscana

Abstract

Recently, the Health-Care Waste (HCW) of a Brazilian university hospital was identified as
composed mainly of polypropylene (85%), high-density polyethylene (6%), polystyrene (5%)
and cellulose (4%). In this work, the thermal degradation of the HCW polymers and their
respective polymer mixture were evaluated by thermogravimetric analysis at a fixed heating
rate. The nonlinear kinetic parameters of thermal degradation were estimated using the Nelder-
Mead simplex algorithm, considering first order and Sestak—Berggren reactions models.
Friedman isoconversional method was applied to obtain the initial guess values of kinetic
parameters of cellulose and the polymer mixture, since such parameters are not reported in
literature. For this task, the thermal degradation of cellulose and the polymer mixture were
evaluated by thermogravimetric analysis at three different heating rates. The nonlinear
parameter estimation was statistically evaluated, showing that the proposed methodology can
provide models that well fitted the experimental data. Moreover, the proposed methodology
was validated for all polymer samples, using fewer data sets than those required for
isoconversional methods, saving time, reagents, and therefore reducing the determination cost
of the process.

Keywords: Polymer degradation; Health-Care Waste; Kinetic modeling; Thermal Gravimetric

Analysis, Parameter estimation; Statistical analysis.

1 Introduction

The Health-Care Waste (HCW) disposal is a serious global environmental problem, due
to the presence of infectious agents, toxic or hazardous chemicals, biological materials, and
used sharps [1]. Furthermore, the HCW presents a higher polymer content [2—4], in medical
devices as blood bags, sharps, tubing, gloves, packaging, health kits, and nursery items [5],
besides medicine containers and packets [3].

In Brazil, 256,941 tons of HCW are annually produced, and the mainly final destination
is the incineration (47.6%), followed by other destinations, mainly landfills (27.6%), autoclave

(22.1%), and microwave (2.7%) [4]. Although incineration is prevalent, this process is
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expensive and often generates other problems and unacceptable emissions. Moreover, the
polymer waste could be used as a cheap chemical and energy raw material [6].

The energy recovery mechanism is an important alternative for polymers recycling,
considering the high energy content of this material [7]. Among the technologies available, the
pyrolysis is one of the most effective techniques to obtain liquid fuel from polymers in the
HCW, allowing a recycling strategy for this material [3,4,8].

Designing and implementation of the pyrolysis process for polymers need primarily a
kinetic parameter determination [9]. For this purpose, Thermal Gravimetric Analysis (TGA) is
the most common type of generated dataset, measuring on a small scale the weight variation of
a polymer subjected to an increasing temperature [9—11]. Besides, closer contact between the
polymers in the platinum crucible can be used to simulate the real pyrolysis conditions and
estimate the kinetic parameters [12], by the fitting of the TGA data [13].

Although many researchers have been presenting studies related to polymer
degradation, it is difficult to find a reliable model for design a reactor considering an industrial
scale [11]. Isoconversional methods are widely used to estimate the kinetic triplets, activation
energy (E.), pre-exponential factor (4), and reaction model, f(a) [9]. The isoconversional
method considers that the £, and 4 are functions of the reaction extent (a), eliminating the f ()
from kinetic computations [11,14], or assuming a first order [11,15,16] or a Sestak—Berggren
reaction model [17-19].

According to the ICTAC Kinetics Committee, multiple heating rates (f) should be used
to obtain the kinetic parameters using the isoconversional methods [20], based on the linear
regression of the kinetic equation. Polymers researchers have mostly used isoconversional
methods of Friedman [21], Coats-Redfern [22], Ozawa [23], Kissinger [24], and Freeman-
Carroll [25], finding good agreement between theoretical and experimental data.

To meet medical applications, medical devices are submitted to special physical and
chemical treatment in the manufacturing process, as disinfection, the addition of medicine to
adhesive plaster, and dressing, affecting its degradation behavior and kinetics. However, few
data on kinetic parameters of these materials have been found in the literature [2].

Thermogravimetric analysis and kinetic study on the pyrolysis of 14 typical medical
waste compositions were evaluated in the work of Deng et al. [2], applying Coats—Redfern
method [22]. The method consists of the plotting of the kinetic equation, finding the kinetic
parameters through the intercept and slope obtained. Comparing experimental and theoretical

results, generated from the obtained kinetic parameters, a satisfactory agreement was found.
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Thermogravimetric characteristics and different kinetic models for a medical
transfusion tube containing polyvinyl chloride was evaluated in the work of Deng et al. [26],
comparing the integral methods of Coats-Redfern [22] and Ozawa [27], and differential ones
of Kissinger [24], and Freeman- Carroll [25]. According to the authors, divergences of the
kinetic parameters relating the values to literature and among the methods can be attributed to
the effect of experimental conditions, the method of parameter estimation, the kinetic model
used, and the characteristics of the polymer composition. Every method evaluated has its
characteristics and the consequent kinetic parameters fluctuate normally.

An alternative to the isoconversional methods is the use of nonlinear parameter
estimation, predicting the kinetic parameters by solving a nonlinear regression model, using
computational tools that stand hypothetical functional relationships in the form of mathematical
models, minimizing the error between theoretical and experimental data [28]. The
methodologies are validated by comparing theoretical and experimental curves overlap [29] or
using the Pearson linear correlation coefficient [17]. However, these approaches were not found
in the literature for HCW, considering pure polymers or mixtures.

The Friedman isoconversional method was applied to determine the £, from the slope
of a linear regression between In [(da/dt)/f (a)] and the inverse of the temperature (1/T)
[18]. The Pearson linear correlation coefficient derived from this approach was set as an
objective function for optimization, using the maximize function of the software Mathcad® to
find the 4 and the f («) that maximizes this coefficient (R* =1 for the best fit). Similar oriented
approach was applied to the thermal degradation of a polystyrene nanocomposite [17].

The predicted values of E, obtained using the Friedman isoconversional method were
implemented as fixed values in a model-based kinetics to predict the devolatilization parameters
of tire rubbers, considering the power-law expression as the mass dependent reaction model,
f(a) = (1 — a)™. The ordinary differential equation (ODE) of the model-based obtained were
solved using the Matlab ® built-in function ode23s, and the kinetic parameters estimated
through the Matlab ® built-in function fiminsearch. Considering to a fixed value for E,, there
was an increase in the number of the degrees of freedom of the multivariate nonlinear regression
and hence the estimated kinetic parameters were less dependent on the initial guesses. However,
the authors claimed that higher regression was obtained when the estimation considered all the
kinetic parameters, including E, [19].

Considering the nonlinear parameter estimation approach, few works can be found in
literature about the kinetic of polymers mixtures. The pyrolytic decomposition of ethylene vinyl

acetate (EVA), polystyrene (PS), polyvinyl chloride (PVC), and cellulose as pure polymers
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were evaluated in the work of [30], and afterward compared to the binary mixtures between
EVA in various proportions with PS and PVC [31]. The kinetic parameters were determined
considering literature data as first estimative, optimized by loopback tests. The built-in
MatLab® routine ode45 was used to solve the differential kinetic equation. The correlation
factor was used to prove the accuracy of the values of experimental and theoretical kinetic
parameters, determined by a least-square method [30].

In our previous study, the HCW of a Brazilian University Hospital were evaluated,
considering medical devices consumed during the period of a year in a General Surgery Unit -
Internment Service (GSU). Medical devices containing polymers in their composition and with
a consumption larger than 1000 units per year, discarded as infecting of scarifying residue, were
assessed. These categories were chosen because no recycling strategy is applied to these
materials. From the waste produced from the medical devices, 3.14 ton (98.79%) were
composed of polymers (63.06% of plastics and 35.73% elastomers) while around 0.03 ton
(1.21%) by metals. The main polymers found in the HCW of a Brazilian University Hospital
were polypropylene (PP, 80.88%), high-density polyethylene (HDPE, 5.28%), polystyrene (PS,
4.51%) and cellulose (3.58 %), corresponding to 94.25 % of all polymers found in the HCW,
considering a total of eleven different polymers identified [32].

Considering the literature review, few works can be found related to the analysis of the
kinetic parameters of polymers from medical devices, and there are no reports considering
nonlinear parameter estimation. Moreover, the works do not consider the presence of other
materials in the polymers and there is not an investigation about the kinetic of mixtures of
polymers, representing a real situation. For instance, the main medical device containing
cellulose found in is the hypoallergenic adhesive tape [32], which also contains acrylate resin
in this formulation. The kinetic parameters of a cellulose sample containing acrylate resin as
well as the kinetic parameters of HCW polymer mixture have not been reported in the literature.

In this context, the present work aims to: (1) to present a literature review about the main
degradations models and methods applied to determine the kinetic parameters of the polymers
found in the HCW by the previous study [32]; (2) apply the Friedman isoconversional method
for determining the initial guess values of kinetic parameters of the cellulose and the polymer
mixture to be used in the nonlinear parameter estimation technique; (3) apply the nonlinear
parameter estimation technique to estimate the kinetic parameters considering first order (F1)
and the Sestdk—Berggren (SB) reaction models [33], considering only one heating rate, reducing
the number of experiments to predict kinetic parameters, when compared to the isoconversional

methods; and (4) use statistical evaluation to validate the methodology proposed.



93

2 Kinetic modeling

Modeling the thermal degradation of polymeric materials requires the determination of
the kinetic triplet of solid-state reactions, E,, 4, and f(a) [9,11,34]. The activation energy is
widely studied in literature due to the relation between the high activation energy and higher
temperature or longer reaction time to allow a conversion process [15].

TGA allows a user to monitor the weight loss of a known quantity of solid sample as a
function of time and temperature [35]. This variation can be represented by conversion (),
according to Eq. 1 [9,20,36]:

L Wo-W (1)
Wo — We
where W, is the initial weight of the sample, W is the weight at any temperature measured
during the TGA and W, is the remaining mass after the TGA. The generalized form of the
kinetic equation is presented in Eq. 2 [9]:

da )
2t = kf (@)
where f (@) is the mass dependent reaction model and k(T) is a temperature dependent rate

constant, assumed to follow the Arrhenius law, described by the Eq. 3[9]:
-E,
k(T) = A e R 3)
where A is the pre-exponential factor (s), E, the activation energy (kJ mol ), R is the ideal

gas constant value, i. €. 8.314 I mol''K"!, and 7 (K) is the absolute temperature.

Substituting Eq. 3 in Eq. 2:

da ~Eq 4
—_—= RT
It AerT f(a)
Defining a heating rate:
dT )
F=a

The Eq. 4 can be transformed in Eq. 6, depending on the temperature, providing the

generic form of the kinetic equation:
da ~Eq (6)
— = RT
B = AR f(a)
Integrating Eq. 6 by the temperature:

a T _
% = % f e%dT )
0 0
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The left side of Eq. 7 is the integral form of the reaction model, represented by g(a).

Therefore:

T _
g(a) = %L e%dT ®

For the solid-state kinetics, some examples of f(a) and g(a) are given in Table

119,20,36].

Table 1 - Examples of solid-state kinetics models [9,20,36].

Reaction model Code f(a) g(@)
1 Power law P4 4374 allt
2 Power law P3 3a?/3 al/3
3 Power law P2 20172 al/?
4 Power law P2/3 2/3a"? a’/?
5 One-dimensional diffusion D1 1/2a7t a?
6 First order F1 11—« —In(1-a)
7 Avrami-Erofeev A4 41 — a)[~In(1 — a)]?/* [—In(1— )]V
8 Avrami-Erofeev A3 31 — a)[~In(1 — )]/ [—In(1— a)]¥3
9 Avrami-Erofeev A2 2(1 — a)[~In(1 — a)]V/2 [—In(1 — a)]V?
10 Three-dimensional diffusion D3 3/21-a)¥3[1-(1 [1-(1- a)1/3]2

_ a)1/3] 1
11 Contracting sphere R3 31 — a)?/3 1-1-a)?
12 Contracting cylinder R2 2(1 — a)1/? 1-(1-a)'/?
13 Two-dimensional diffusion D2 [-in(1 —a)]™? A-a)n(l-a)+a
14 Random scission L2 2(a? — a) lag/z B laz
3 4

The integral in Eq. 8 has no analytical solution and can be solved by numerical
integration or by approximations (e.g., linearized equations) [37].

Table 2 shows the literature review about the different polymer degradation models, the
values found for the kinetic parameters, and the methodologies used to PP, HDPE, PS, and
cellulose. The main aaproach found is the use of different heating rates, finding the £, and the
A in terms of conversion, using solid-state kinetics models. Considering the literature evaluated,
thirteen different methods to predict kinetic parameters are referenced in Table 2.

Besides the approach of solid-state kinetics models, the Sestadk—Berggren (SB) reaction

model [33] is also widely applied in the literature [49-51], according to Eq. 9:

fl@) =1 —a)"a™ ©)

where n and m are orders of reaction.
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Although the SB reaction model is only considered for mathematical purposes, it can

suggest the reaction model for the thermal degradation of polymers, presenting values within

the same range of those obtained using isoconversional methods [52]. This approach has

effectively worked for different kinetic models, by adjusting the SB parameters, using even

negative numbers [53].

Table 2 - Literature review about the degradation model, kinetic parameters and methods

applied to parameters estimation

Ea A
Polymer Model (kJ/mol) ) Method Source
232.00 [21]
230.00 [38] [40]
228.00 [39]
F1 319.70 9.83x10"° [22] [15]
PP 103.02 - [23,39]
106.16 - [24,41]
110.75 - [21] [36]
R3 108.36 5.45x107 [22]
R2 and R3 - - [42]
F1 185.64-134.06  1.25x10'°-7.85x10’ [21]
F1 69.85-100.30 1.68x10%-5.07x10? [23]
F1 8.176-16.5 5.92%10'-2.45%10° [23,39] [11]
F1 5.381-14484 0 4 oo o [24,41]
Fl 4572 28 22
HDPE s.sgxlo . [22] [15]
R2 134 - 258 3.15x10°-3.90x10" [21]
R2 146-242 2.10x107-2.62x10" [23,39]
R2 146-241 1.97x107-2.53x 10" [24,41] 9]
R2 146-240 7 14 [43]
R 143933 1.77;;107 2.05x1013 [44.45]
1.34x107-7.15x10
F1 105.42-126.28  2.50x10*-4.83x10° [22]
F1 82.98-16438  ¢.17x10*-2.00x10"! [23,39]
F1 82.30-163.61 | 12x10°-5.57x10"! [24,41]
F1 102.21-202.76 | 951051 27x10"3 [46] [16]
F1 87.29-173.51 L 38x105-8 83x10'! [21]
PS F1 166.36 FORIY -0.6K [24]
1.16x10
156.00 — 188.00 - [44,45] [(37]
156.00 — 188.00 - [43]
SB 204.00 4.50x10" [21] for E. (7]
Maximize function for f(a) [33]
138.26 - [23,39]
102.23 2.70x10? [24] 147]
Cellulose 1
SB 193 9.83x10 [33] [18]
L2 191.00 - [21] [48]

3 Parameter estimation

3.1 Friedman isoconversional method

There are many isoconversional methods in the literature, some of them are shown in

Table 2, and presented in Appendix A.
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Friedman isoconversional method (FR) [21] is one of the most used for the
determination of the kinetic parameters, based on the linear regression of Eq. 6, resulting in Eq.
10, for a non-isothermal analysis, when the temperature increases at a constant heating rate ().

The E. and /n A were determined by plotting the left-hand side of Eq. 10 against
temperature inverse, for constant values of conversion. The values of E, is given by the slope
of the straight line, while the /n 4 by the intercept, mainly considering f («) a first order reaction

(F1, Table 1).

d Eq 10
ln(ﬁ£)=1n,4+ln(1—a)—ﬁ (10)

FR was applied in this study to obtain the initial guess values of the kinetic parameters
E. and In A for the cellulose and the mixture, as this information is not reported in the literature

and nonlinear parameter estimation techniques are very sensitive to initial guess [19].
3.2 Nonlinear parameter estimation

In this work, the two nonlinear kinetic parameters E, and 4 were estimated by
minimization of the nonlinear least-square difference between experimental and modeled
conversion data. When the Sestdk—Berggren reaction model was admitted, the variables m and
n were also considered.

Estimated parameters reach their optimum value when the objective function is
minimized. The kinetic parameters were estimated by minimizing the objective function (F),
Eq. 11, using the built-in MatLab® fininsearch function, where a;*? and a"°? are the

experimental and theoretical values of conversion, respectively, E, and A are the kinetic

parameters to be estimated and N represents the number of experimental data [54].
minF(E,, A) = (ai? — a{"Od)T(aiex” — af°?) i=1,..,.N (1D

The MatLab® built-in function fminsearch specifies a starting vector x0 and returns a
vector x that is a local minimizer of the mathematical function near x0, using the Nelder-Mead
simplex algorithm. This algorithm uses a simplex of n+1/ points for n-dimensional vectors x.
The algorithm first makes a simplex around the initial guess by adding 5% of each component

x0 (i) to x0. The iterations proceed until they meet a stopping criterion [55,56].
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In this work, the x0 vector, i. e. the initial guess values of the kinetic parameters £, and
A were obtained by the literature for the PP, HDPE and PS (Table 2). As aforementioned, the
initial guess values of the kinetic parameters £, and 4 for the cellulose and the polymer mixture
were obtained by applying the Friedman isoconversional method. The values of 0.5 and 1 were
attributed as initial parameters to m and n, respectively, for the SB reaction model. The stopping
criterion chosen was the termination tolerance on the function value of 1x107.

The comparison of the models and validation of the kinetic parameters were applied for
all the polymers analyzed in this work (PP, HDPE, PS, and cellulose) and their representative
polymer mixture at a heating rate of 20 °C min™!. Numerical integration of Eq. 6 was performed
using the MatLab® built-in function ode45, a medium solver method that solves nonstiff
differential equations. This function is based on an explicit Runge-Kutta (4,5) formula, the

Dormand-Prince pair [57,58].
3.3 Statistical Analysis

Statistical analysis was applied to evaluate the accuracy of the parameter estimation and

models validation using the following criteria: coefficient of determination (R?), adjusted
determination coefficient (Ridj), sum of square error (SSE), sum of absolute errors (SAE), and

Akaike Information Criterion (4/C), through Eq. (12—-16), respectively.

RZ=1-— §V=1(Xi,exp B Xi,mod)2 (12)
Iiv=1(Xi,exp - Xi,exp)z
Rczldj =1- (NN__NlP> (1 - R?) (13)
N (14)
SSE = Z(Xi,ew - Xi,mod)2
i=1
N (15)
SAE = Z'Xi,mod - Xi,exp'
i=1
2NP(NP + 1) (16)

aic =Nin( ZEY £ onp +
- "( N) N—NP—1

where N is the number of experimental data, NP is the number of parameters, X; mos and Xj exp
are, respectively, the experimental data and the simulated data, and X;,,, is the mean
experimental data.
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R? is the coefficient of determination, widely used to measure the regression model fit.
In linear case, 0 < R? <1, where R? = 1 represents the best fit [59]. The adjusted determination
coefficient, Rﬁdj, considers the system degrees of freedom, is seen as a better metric to select a

model when compared to R?, because it overcomes the decrease in SSE due to the increase in
the number of model parameters.

SSE presents an increase as the deviation in error between the experimental data and
model prediction increases. SAE is simply the absolute difference between model prediction
and experimental data [60]. A/C is a well—established statistical analysis that takes into account
both, SSE and the number of parameters of the model, where the most accurate property curves

have the smallest AIC value [61].
4 Materials and methods
4.1 Materials

In our previous study [32], the HCW composition from a General Surgery Unit —
Internment Service (GSU) of a Brazilian university hospital was determined. The normalized
data for the four main polymers found and the medical device samples mainly containing these
polymers, chosen for this study, are presented in Table 3.

PP was the major polymer identified in the HCW, being the syringes the main source of this
polymer (70.24%). HDPE is present in many medical devices, mainly in a chemotherapy apron
size, where it composes a blend containing PP and HDPE. Therefore, the urine collector cover
was chosen because it contains only HDPE in composition. The only medical device containing
PS was the scarifying part of the equipment for parenteral infusion.

The main medical device representing the cellulose polymer is the hypoallergenic
adhesive tape, made of viscose rayon, a regenerating cellulose fiber. The viscose is obtained by
dissolving wood pulp and cab be used in the clothing, drapery and hygiene industries [62].

Nonetheless, in this work, this sample will be called cellulose.
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Table 3 - HCW polymers determined according to our previous work [32]

Main Mass Number of the Amount of HCW
polymersin  composition ~ Sample of medical device chosen  medical devices  produced from the
the HCW in the HCW consumed medical device

PP 85 Sterile disposable syringe (10 mL) 85049 605.55

HDPE 6 Urine collector cover (80 mL) 4105 10.14

PS 5 Equipment for parenteral infusion 8305 90.36
(15 pm)

Cellulose 4 Hypoallergenic adhesive tape (50 1252 39.30

mm x 10 m)

4.2 Experimental analysis

4.2.1 Thermogravimetric analysis (7GA)

The collected materials were prepared by mechanical action using a cutting knife to make
1-2 mm average particle size before subjected to TGA [9,63]. The polymers were placed in the
platinum crucible of a thermobalance (Shimadzu, TGA — 50, Japan), weighing 10 mg for each
pure polymer (PP, HDPE, PS, and cellulose), while 15 mg were used to the polymer mixture,
due to the difficulties related to weight a small amount of each polymer in the platinum crucible
(12.75 mg of PP, 0.90 mg of HDPE, 0.75 mg of PS and 0.60 mg of cellulose).

A nitrogen atmosphere of 50 mL min™! was used to maintain an inert environment as
required for the pyrolysis, removing all gases evolved during the process. To ensure the
degradation of the polymers, the temperatures in the experiments raised from ambient to 700
°C.

According to Vyazovkin et al. [20], quality kinetic data needs at least three different
temperature programs. Therefore, three heating rates (f), of 5 °C min’!, 10 °C min™! and 20 °C
min! were applied to the thermal degradation of the cellulose and the polymer mixture to
evaluate the kinetic parameters using the Friedman isoconversional method (FR). The thermal
degradation of the remaining polymers, i. e. PP, HDPE, and PS, was obtained only at the heating
rate of 20 °C min™.

The data of the Friedman isoconversional method (FR) for the cellulose and the mixture
will be used as an initial guess to the nonlinear parameter estimation, while literature data (Table

2) will be considered as an initial guess to the PP, HDPE, and PS.
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Data obtained from the TGA using the TA60 software (Shimadzu, Japan) even provides
the onset temperature (7,), the endset temperature (7¢), and the maximum degradation rate
temperature (7,,), as well as the derivative thermogravimetry (DTG) peaks, and the weight loss

associated, as widely reported in literature [9,11].

4.2.2 Fourier Transform Infrared Spectrometer (FTIR)

FTIR spectra were recorded on a Shimadzu, IRPrestige-21, Japan, to confirm the type
of polymers presented in the cellulose sample and the polymer mixture evaluated in this study.
The polymers were first grounded using a waterproof paper (Norton, T216, number 80, Brazil).
Around 1 mg of the obtained powder was mixed with 100 mg of potassium bromide (Pike
Technologies, FT-IR grade, United States), using an agate mortar. The mixture was compressed
into pellet forms under a pressure of 80 kN for 10 min (Shimadzu, SSP-10A, Japan). The FTIR
spectral analysis was performed under ambient temperature, within the wavenumber range of
4500-500 cm™! for 45 scans at a spectral resolution of 2 cm’!.

Cellulose is a natural polymer extracted from renewable natural sources and obtained
by diverse methods, therefore presenting different polymorphisms [47,64,65], which affects the
thermal degradation kinetics parameters [47]. Hence, the FTIR was also applied to evaluate the

cellulose polymorphism.

5 Results and discussion

5.1 Thermogravimetric analysis

Thermogravimetric analysis (TGA) and their respective Derivative thermogravimetry
(DTG) of the pure polymers and the polymer mixture are shown in Figure 1.

The thermograms obtained at the three different heating rates (5 °C min™!, 10 °C min™!,
and 20 °C min™') for the cellulose and the polymer mixture are presented, respectively, in Fig.
1 (d) and Fig. 1 (e). It can be observed that the degradation of these polymers took place at a
higher temperature when the highest heating rate was applied. This temperature lag can be
attributed to an error caused by inaccuracies in the temperature measurements, as the TGA
thermocouple cannot record the sample temperature accurately [11]. However, it did not change

the shape of the weight loss curve [9,11,40].
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Figure 1 - Thermal degradation curves of (a) PP, (b) HDPE and (c) PS at the heating rate of
20°C min'! and the dynamic thermal degradation curves of (d) the cellulose and (¢)

the polymer mixture at the heating rates of 5 °C min'!, 10 °C min'! and 20 °C min™.
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Table 4 shows the onset temperature (7,), the endset temperature (7,), and the maximum
degradation rate temperature (7,), as well as the DTG peaks and the respective weight loss for
the polymers evaluated.

Two weight losses were observed for the cellulose sample (Table 4), the first
degradation with a maximum rate at around 353 °C — 384 °C, attributed to the hemicellulose,
and the second between 391 °C — 433 °C, due to the cellulose [66]. The cellulose and the
hemicellulose represents about 90% of the sample mass and the remaining mass can be
attributed to the lignin [66,67]. This sample composition was expected as the main raw material

to the viscose production is wood, as mention in Section 4.1.

Table 4 - Onset (T,), endset (T.) and maximum degradation rate temperature (7,,) for the HCW

polymers.
T (°C) DTG (mgs™) Weight loss (%)
Polymer B (°C min™) 7, (°C) T.(°C) First Second First Second First Second
weight loss weight weight weight weight weight
PP 20 447.37 486.01 470.47 -0.08 99.41
HDPE 20 484.94 508.13 496.90 -0.14 98.68
PS 20 422.40 464.13 447.18 -0.08 99.44
5 349.39 421.95 353.56 391.70 -0.01 -0.001 33.47 58.59
Cellulose 10 365.05 438.58 366.27 410.03 -0.01 -0.02 30.12 60.48
20 376.65 460.44 384.00 433.12 -0.02 -0.04 30.78 60.09
5 424.94 460.49 450.09 - -0.03 99.06
Mixture 10 429.61 475.37 464.61 - -0.05 - 98.94
20 444.48 489.99 472.73 - -0.12 - 99.03

Comparing the onset and endset temperatures (Table 4), it was possible to verify that the
polymer mixture degrades in the same interval of PP, which was expected as the PP is the major
polymer in the mixture. Furthermore, the two weight loss peaks from cellulose do not appear
in the thermograms of the mixture. The observation of a unique peak may be caused by the

interaction between the polymers in the mixture resulting in only one degradation peak [40].

5.2 FTIR

The FTIR analysis allowed identifying the polymeric composition of the HCW samples

evaluated in this study. The cellulose and the polymer mixture are presented in Fig. 2, and the

FTIR results of PP, HDPE, and PS can be found in our previous work [32]. Bands near 3448
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cm! and 1638 cm! correspond to moisture, which is usual for the pressed disk technic with
KBr [68].

The FTIR spectrum of the cellulose is presented in Figure 2 (a). The presence of the (C—
H) stretching is visible at 2960 cm™ and 2934 cm!, and the (CH,) asymmetric stretching at
2874 cm’!. The OH in plane bending appears at 1463 cm!, the C—-O—C asymmetric stretching
at 1166 cm’!, the ring asymmetric stretching at 1116 cm™, and the Group C1 frequency at 893
cm! [69]. The (CO) stretching of hemicellulose is observed at 1737 cm! [70], and the phenolic
function group are shown at wavenumbers of 3440 cm™ and 1021 cm™'[71].

Figure 2 (b) shows the FTIR spectrum of the polymer mixture. The band associated with
symmetric and asymmetric deformation of (CHz) groups presented in all the polymers used in
this study at 2925 and 2851 cm™! [72]. The (C — O — C) asymmetric stretching of the cellulose
appears at 1166 cm™'. The (CO) stretching of hemicellulose is also observed at 1737 cm™! [70].
The aromatic ring stretching from PS is assignable at 1638 ¢cm™! [72,73]. The (CHa) bend is
visible at 1457cm!, due to the HDPE and PP presence [73]. The band at 700 cm™! can be

attributed to (CH») rock vibration or even due to the aromatic (C-H) out-of-plane bend from
PS.

Figure 2 - FTIR spectra obtained from the (a) cellulose and the (b) mixture.
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5.4 Parameter estimation

Considering the Friedman isoconversional method (FR), data from 5% to 95% of
conversion, in a step-size of 5%, were used to estimate the kinetic parameters, considering 19
data points. For the nonlinear parameter estimation, the same interval of conversion was

applied, but all values were contemplated to estimate the kinetic parameters (collected at each
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1 s in the TGA). Therefore, the number of data points in each interval (N) changed according
to the polymer evaluated, and are presented in Table 5, besides their corresponded temperature
interval, from the initial (7;) to the final degradation temperatures (7y), relatives to the

temperature at 5 and 95% of conversion, respectively.

Table 5 - Number of data points used for the parameters estimation and temperature interval

considered
Polymer s N N T: (°C) 77 (°C)
(°C min) (Friedman) (nonlinear parameter estimation) (@a=5%) (x=95%)
PP 20 - 213 415.39 486.37
HDPE 20 - 133 466.76 511.39
PS 20 - 185 407.71 469.39
Cellulose 20 19 398 334.57 467.31
Mixture 20 19 246 409.35 491.49

5.4.1 Friedman isoconversional method

The conversion () in the range from 5% to 95%, is presented in Figure 3 (a) for the
cellulose and in Figure 3 (b) for the mixture. Each data set was composed of three points,
corresponding to the heating rates of 5, 10, and 20 °C min™!, which generates a linear trend line.
Plotting In (B da/dT) versus 1/T (Appendix A), the intercept and the slope obtained were
used to determine the £, and In A4, considering a first order (F1) the reaction model. The outcome
of this calculation was summarized in Appendix B. Table 6 shows the average values of £, and

In 4 found.

Table 6 - Initial guess values of kinetic parameters estimated using Friedman isoconversional

method

Polymer  FE.(kJ mol™) mAQ)
Cellulose 152.45+23.70 21.61 +3.71
Mixture 210.37 +20.48 29.97 +3.40
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Figure 3 - Friedman graphs for (a) the cellulose and (b) the mixture for the conversion in the

range from 5% to 95%.
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The values of E, obtained are plotted versus a in Figure 4. A fluctuation is observed to
cellulose and the mixture. The E, variation at the begging and end of the process can be
attributed to small errors when isoconversional methods are used [36,74]. Observing the results
for cellulose, an increase is observed during almost all the process, unlike found in the work of
[41], what can be explained by the presence of the acrylate resin, for which the £, increases

with conversion [75].
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Figure 4 - Estimated values for the Ea using the Friedman isoconversional method to (a) the

cellulose and (b) the mixture.
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According to [14], a satisfactory value of E, is reached when the difference between its
maximum (Eg qx) and minimum (Eg i), is less than 10% of the average value (Eg gyerage)s
represented by Eq. 17. Otherwise, the process cannot be described by a single-step one. For
cellulose, these values are from 114.49 kJ mol™! to 224.95 kJ mol!, and for the mixture, from
177.90 kJ mol! to 249.31 kJ mol! (Appendix B), and the average values are presented in Table
6. The difference of 72.45% and 33.94% for the cellulose and the mixture, respectively, were
found. Therefore, these results confirmed the presence of more than one thermal degradation

reaction in both cases.

Ea,max - Ea,min 100 (17)
E

Ea,variation (%) =
a,average

The conversion values obtained considering the Friedman isoconversional method fits

the experimental data, as shown in Figure 5, exemplified to § =20 °C min!.
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Figure 5 - Experimental data and estimated values of conversion using Friedman
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The nonlinear parameter estimation technique was performed to obtain the kinetic

parameters of the thermal degradation of PP, HDPE, PS, cellulose, and the polymer mixture at

the heating rate of 20 °C min’'. The mass-dependent reaction model, f(a), was evaluated

considering a first order (F1, Table 1) and the Sestak—Berggren reaction model (SB, Eq. 8). The

results are presented in Table 7.

Table 7 - Kinetic parameters estimated using first order (F1) and the Sestak—Berggren (SB)

reaction models

Polymer  Model  Eq(kJ mol™) A (s n SSE SAE AIC Rﬁdj R’
F1 297.41 4.60x10'" 1 0.02571 1.99791 -1919.71011 0.99940 0.99940
P SB 312.04 3.11x10" 0.68 -0.28 0.01059 1.32165 -2108.56021 0.99974 0.99974
F1 504.65 1.96x10* 1 0.01010 0.97284 -1259.51028 0.99959 0.99959
HDPE SB 442.43 1.39x10% 1.03 0.20 0.00910 0.92664 -1273.46750 0.99964 0.99964
F1 272.07 3.28x10" 1 0.01560 1.42942 -1733.42614 0.99961 0.99961
s SB 217.57 5.71x10" 1.22 0.39 0.00014 0.12232 -2606.51735 0.99999 0.99999
F1 100.98 4.61x10* 1 0.04279 3.50600 -3634.85621 0.99937 0.99937

Cellulose

SB 144.34 5.45x107 091 -0.57 0.02674 2.80881 -3822.06010 0.99962 0.99962
) F1 247.15 8.97x10" 1 0.01782 1.77817 -2342.98766 0.99962 0.99962
Mixture SB 24291 3.07x10" 0.70  -0.17 0.00236 0.63349 -2840.86000 0.99995 0.99995
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It can be seen that higher £, are obtained along with the higher values of the 4, as already
reported in the literature [19]. The negative values of m in the SB equation (Eq. 9) found for
the PP, cellulose, and the mixture are accepted and has been applied to fit the experimental data
[29,76,77].

Considering the values of the statistical metrics (SSE, SAE, AIC,

Rﬁdj and R?), the methodology proposed in this work is efficient to estimate the kinetic

parameters for the polymers evaluated. Moreover, the Sestak—Berggren reaction model (SB)
was better than the first order (F1), since the correlation coefficient is closest to 1 and the
statistical metrics presented the best values for all cases evaluated.

Assuming a SB reaction model, the generic form of the kinetic equation, Eq. 6, needs the
estimation of four kinetic parameters (Eq, 4, n, m), while the FR needs only two parameters (£,

and A). The Rﬁdj and the AIC (Eq. 13 and 16, respectively) consider the number of parameters

of the model, different from the other metrics (SAE, SSE, and R?), being the most accurate when

the higher value of Rﬁdj and the smallest A/C (Session 3.3) are obtained. These metrics are the

most appropriate in this study, and therefore confirm that the SB is the best model.

The parameters from literature (Table 2) were applied as initial guesses to estimate the
kinetic parameters for PP, HDPE, and PS, and the Friedman isoconversional method (FR)
provided the initial guesses to the cellulose and the mixture, as the data for these polymers was
not reported in literature. The nonlinear parameter estimation methodology proposed in this
work was able to estimate the kinetic parameters in both cases, considering the statistic metrics
evaluated.

The use of the literature data as the first guess represented a good advantage over the
Friedman isoconversional method since only one heating rate is necessary to precisely
determine the kinetic parameters, saving time, reagents, and therefore reducing the
determination cost of the process. A similar methodology showed a good agreement between
literature and experimental data [31].

The nonlinear parameter estimation proposed in this work presents a unique value of E,
and A4, and n and m when the SB were considered, validated to all interval of conversion, from
5% to 95%, instead of values that change with conversion, as considered in the Friedman
isoconversional method. One more advantage of this approach is that the presence of
intermediate reactions and the contribution of each one in the kinetic degradation does not need

to be considered, as described in some works [19,78].
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The presence of more than one thermal degradation reaction for cellulose and polymer
mixture was confirmed, as aforementioned in Section 5.4.1. Nonetheless, the model with the
nonlinear estimated parameters was able to fit the experimental data, even in this case.

Comparing the kinetic parameters found in this study to the literature (Table 2), for the
PP, HDPE, and PS, differences can be attributed to variation in sample size, the flow rate of
inert gas, choice of the kinetic model, the difference in the polymer composition, and analysis
methodology [16].

The kinetic parameters estimated for the cellulose and the mixture evaluated in this work
were not reported in the literature. Therefore, for numerical estimation, the Friedman
isoconversional method (Table 6) were considered as initial guesses to nonlinear parameter
estimation.

The values obtained to the cellulose, considering the nonlinear parameter estimation, £,
=100.98 kJ mol!, are out of the interval of the E, obtained in the Friedman isoconversional
method (FR), from 114.50 to 224.95 kJ mol™! (Appendix B), differing in 50,97% to the medium
value of FR, E, = 152.45 kJ mol’!, to the F1 reaction model (Table 6). However, the difference
between the medium value of the FR and the nonlinear parameter estimation considering the
SB reaction model (£, = 144.34 kJ mol™!) is only 5.62%, and therefore this model can predict
the kinetic parameter for this polymer.

For the mixture evaluated, both F1 and SB reactions model were able to predict
experimental data (Table 7), with a difference of 17.48% and 15.47%, respectively, to the
medium value obtained for the Friedman isoconversional method (Table 6). In this case, over
again, the SB is the best reaction model.

It is important to highlight that the nonlinear parameter estimation proposed in this work
considered the estimative of £,, A, and even more n and m to the SB reaction model. The studies
evaluated in the literature considered fixed values of £, and A obtained using the Friedman
isoconversional method and only fit the reaction model evaluating the best values of m and »
for the SB [17,18].

In a similar approach, the E. was fixed and the order of a power-law reaction model, the
A, and the weight fraction of each devolatilization reaction [19] was determined. Thus, there
was a decrease in the degree of freedom of the multivariate nonlinear regression, but a lower
coefficient of regression can be active [19].

The methodologies proposed in these works [17—19] are chosen to guarantee that the
same values obtained from Friedman isoconversional method are considered for nonlinear

estimation parameters, considering Friedman a standard procedure.
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There are a lot of different methods to estimate the kinetic parameters accepted in the
literature (Appendix A) and even when they are applied to the same polymer, differences can
be found, as presented in Table 2. To evaluate the accuracy of the method, the works consider
the fit between theoretical and experimental data [11,79], and the use of statistical metrics as
the ¢ criteria [40], use of correlation factor determined by a least-squares method [30] and the
Pearson linear correlation coefficient [9]. The graphical comparisons between the experimental
and theoretical values obtained for the conversion of all polymers, considering SB and F1
models, are illustrated in Figure 6.

According to these results, it is possible to infer a good agreement between the
experimental data and the values simulated by the nonlinear parameter estimation method
proposed in this work, which corroborates with the statistic metrics evaluated (Table 7).
Therefore, the methodology proposed can be used to estimate the kinetic parameters of pure

polymers and mixtures.

6 Conclusion

Kinetic parameter estimation of nonlinear reaction models applied to the thermal
degradation of health-care waste polymers was investigated in the present work. The PP, HDPE,
PS, cellulose, and a mixture containing these polymers (85% of PP, 6% of HDPE, 5% of PS,
and 4% of cellulose) were evaluated.

Based on the TGA applied using different heating rates, it was possible to verify that
the temperature interval and the temperature of the maximum degradation rate are highly
influenced by the main component in the mixture, in this work, the PP.

FTIR analysis allowed the identification of a polymeric composition, been able to
identify the presence of mixtures, as the acrylate resin in the composition of the cellulose sample
used in this study. Moreover, the cellulose polymorphism can be identified, which influences
the thermal degradation kinetics parameters.

The Friedman isoconversional method could predict the kinetic parameter of a pure
polymer or a mixture and is one of the most used in literature. However, this method needs at
least three heating rates to obtain the £, and /nA through the use of linear regression, to constant
values of conversion, usually assuming a first order or a Sestak—Berggren reaction model.

A nonlinear parameter estimation using the MatLab® built-in routine fininsearch to
estimate the kinetic parameters, and the numerical integration of the generic form of the kinetic

equation performed using the MatLab® built-in function ode45, were proposed in this work.
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kinetic parameters considering initial guess values from

literature or from Friedman isoconversional method.

Figure 6 - Experimental data and

estimated values of conversion using F1 and SB reaction

models to the (a) PP, (b) HDPE, (c¢) PS, (d) the cellulose, and (d) the mixture at the
heating rate of 20 °C min!.
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The Sestik—Berggren reaction model showed the best performance to fit the

experimental data when compared to the first order reaction model (F1), for all the pure
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polymers and the mixture proposed. These results could be observed by the values of the
statistical metrics (SSE, SAE, AIC, Ridj and R?) and by the graphical comparisons between the
experimental and theoretical values.

The nonlinear parameter estimation proposed in this work stands out as an efficient
technique to predict the kinetic parameters to the PP, HDPE, PS, cellulose, and the mixture of

the polymers found in HCW.
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APPENDIX A

Table A - Models reported in literature to predict kinetic parameters

Method Equation Plot
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0=T-Tg, where Ty is the reference temperature; 7, is the peak temperature of the Derivative thermogravimetry

(DTG); To is the onset temperature.
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Table B - Data for the Friedman parameters estimation to the cellulose and the mixture

Cellulose Mixture

a(-) E (kJmol') In(A) R? a(-) E (kJmol!) In(A) R?

0.05 114.4945 15.0034 1.0000 0.05 249.3088 36.7334 1.0000
0.10 131.7241 18.5734 0.9971 0.10 177.9010 24.0848 0.9981
0.15 145.0342 21.1521 0.9991 0.15 185.5043 25.4307 0.9985
0.20 144.1943 20.9142 1.0000 0.20 196.9120 27.4182 0.9984
0.25 138.1848 19.6808 0.9994 0.25 230.6071 33.1489 0.9968
0.30 136.3944 19.0525 0.9985 0.30 239.1435 34.5687 0.9999
0.35 147.0314 20.7029 1.0000 0.35 237.0206 34.1726 0.9990
0.40 146.4793 20.5657 0.9996 0.40 226.9435 32.5100 0.9974
0.45 146.6744 20.5901 1.0000 0.45 217.1880 30.9314 0.9960
0.50 153.6940 21.8261 0.9977 0.50 215.0015 30.6167 0.9987
0.55 150.8279 21.3281 0.9991 0.55 206.9144 29.3248 0.9986
0.60 145.1657 20.3248 0.9990 0.60 218.1822 31.2694 0.9956
0.65 143.8295 20.0911 0.9999 0.65 217.3803 31.1650 0.9889
0.70 142.0546 19.7629 0.9999 0.70 203.3255 28.9251 0.9946
0.75 159.9338 22.8026 0.9980 0.75 182.6062 25.6128 0.9980
0.80 162.6023 23.1816 0.9931 0.80 186.0108 26.2520 1.0000
0.85 171.6838 24.6095 0.9976 0.85 193.8641 27.6204 0.9981
0.90 191.5600 27.6827 0.9987 0.90 201.5868 29.0047 0.9997
0.95 2249471 32.7169 0.9974 0.95 211.5386 30.7132 0.9960
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4 DISCUSSAO DOS RESULTADOS

Os dados sobre Residuos de Servigos de Satude apresentados nesta tese sdo relativos a
Unidade de Cirurgia Geral — Servigo de Interna¢dao (UCG), do Hospital Universitario de Santa
Maria (HUSM). Para que os mesmos pudessem ser utilizados nesta pesquisa foi necessario o
contato com a Geréncia de Ensino e Pesquisa do HUSM (GEP), de forma a se ter acesso a
informagdes restritas.

O procedimento apresentado no Anexo B, definido pela GEP (2018), foi seguido para
que houvesse um cadastro do projeto no Sistema Integrado de Ensino da UFSM, sob o nimero
58144, e outro cadastro na Geréncia de Ensino e Pesquisa do HUSM, inscrito sob o nimero
127/2017. Com a aprovagdo da GEP, a UCG foi visitada para que houvesse maior entendimento
sobre o funcionamento e gestdo de RSS na unidade.

A UCG foi escolhida para este estudo por ser a maior unidade do hospital e por produzir
residuos de todos os Grupos (A, B, C, D e E). A partir de conversas com a enfermeira
responsavel pelo setor, Ma. Thiana Sebben Pasa, estudo de documentos do hospital (HUSM,
2017; TAMIOZZO, 2017) e legislagio vigente (ANVISA. AGENCIA NACIONAL DE
VIGILANCIA SANITARIA., 2018), verificou-se a importancia de se avaliar o potencial de
reciclagem dos residuos dos Grupos A e E, os quais sdo atualmente encaminhados para aterro
industrial apds seu consumo, sem possibilidade de reciclagem, seguindo a lei em vigor no Brasil
(ANVISA. AGENCIA NACIONAL DE VIGILANCIA SANITARIA., 2018).

Na Tabela 4 ¢ apresentado o resultado da avaliacdo dos dados de geracdo de residuos
para o HUSM e a UCG para o periodo de estudo definido nesta tese, de 1° de agosto de 2018 a
31 de julho de 2019, fornecidos pelo Servigo de Higiene e Limpeza do HUSM. Para analisar os
dados referentes ao nimero de pacientes no periodo, foi necessario o contato com o Servigo de
Estatistica do HUSM, o qual forneceu os dados necessdrios para a pesquisa mediante
apresentacdo do cadastro realizado no GEP.

Os materiais que sdo descartados como residuos do Grupo A e E, contendo polimeros
em sua composic¢ao, foram fornecidos para a UCG pela Farmacia do Hospital e o Almoxarifado.
Tendo os dados de consumo provenientes destas unidades para a UCG, fornecidos pelos setores,
definiu-se o escopo da tese: dispositivos médicos descartados como residuos do Grupo A
(infectante) e Grupo E (perfurocortante), contendo polimeros em sua composi¢do, para os quais

mais de 1000 unidades fossem consumidas.
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Tabela 4 - Dados de geragao de residuos do Grupo A ¢ E pelo HUSM e UCG

Local Tipo de residuo Total  Valor por paciente

Grupo A (kg) 11.897,15 0,69

Grupo E (L) 7.820,19 0,45
UuCcG Total geral (kg) 32.199,56
Total geral (L) 10.371,58
Pacientes atendidos ao ano' 17.248,23

Grupo A (kg) 141.455,42 1,15

Grupo E (L) 76.739,90 0,62
HUSM Total geral (kg) 537.971,36
Total geral (L) 98.080,94

Pacientes atendidos ao ano' 123.134,10
'De acordo com o periodo do estudo, de 1° de agosto de 2018 a 31 de julho de 2019.

Fonte: Propria.

Para a analise dos dispositivos médicos selecionados, de forma a determinar sua
composicdo, 0 HUSM forneceu gentilmente trés exemplares de cada item, novos, em suas
embalagens, antes do consumo. E importante salientar que o uso do residuo produzido apés o
consumo ndo pode ser realizado pois ndo ha processo de autoclavagem destes residuos no
HUSM, o que permitiria sua descontaminacao.

Para a retirada destes materiais, uma documentacdo informando quais dispositivos
médicos seriam fornecidos pelo HUSM para a presente pesquisa foi enviada e assinada pela
orientadora desta tese e entregue para aprovacao ao gerente administrativo do HUSM. Apenas
apos esta etapa, foi possivel ter acesso aos materiais estudados.

No primeiro artigo desenvolvido, foi apresentado o resultado do estudo realizado na
UCG do HUSM. Uma metodologia foi proposta para a identificacdo quantitativa e qualitativa
dos polimeros presentes em dispositivos médicos definidos como escopo deste estudo, baseada
em informagdes fornecidas por fabricantes, dados de embalagens e técnicas analiticas de FTIR
e DSC. A partir deste estudo, 11 tipos de polimeros foram identificados, sendo os principais PP
(80,88%), PEAD (5,28%), PS (4,51%) e celulose (3,58%). A metodologia proposta pode ser
aplicada a qualquer hospital que queira determinar a composi¢ao do seu residuo, sendo este um
passo fundamental para o estabelecimento de alternativas de reciclagem.

Uma elevada quantidade de elastdmeros foi encontrada como resultado do primeiro

artigo, os quais representam 35,73%, em massa, do total de polimeros avaliados. Uma tentativa
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de identificacdo destes materiais foi realizada, utilizando DSC e TGA, mas verificou-se que um
estudo mais aprofundado seria necessario para ter um completo entendimento sobre a
composicao destes polimeros e, portanto, esse estudo serd abordado em trabalhos futuros.

No segundo artigo, uma proposta de determinacdo dos pardmetros cinéticos dos
principais polimeros encontrados no primeiro estudo (PP, PEAD, PS e celulose), e de sua
mistura representativa, foi desenvolvida. Para isso, a estimacdo de parametros ndo lineares
utilizando o algoritmo simplex de Nelder-Mead foi aplicado. Os modelos de reagdo de primeira
ordem e de Sestak—Berggren foram considerados, sendo que os melhores resultados, de acordo
com analises estatisticas referentes ao coeficiente de determinacao ajustado, Rﬁdj, e critério de
informagio de Akaike, AIC, foram encontrados para o modelo de Sestik—Berggren.

A metodologia proposta foi eficiente na determinacdo dos parametros cinéticos,
considerando apenas uma taxa de aquecimento (20 °C min™'), em oposi¢do aos métodos
isoconversionais geralmente utilizados, que necessitam de pelo menos trés taxas de
aquecimento. Desta forma, a metodologia apresentada ¢ mais eficiente em termos de tempo de
analise e uso de reagentes, diminuindo os custos de determinagdo dos parametros cinéticos.

Ainda considerando como resultados desta tese, foi desenhado e construido um reator
para simular em escala real uma condi¢ao de pir6lise, ampliando os resultados obtidos por TGA.

Um esquema do mesmo ¢ apresentado na Figura 6.

Figura 6 — Reator desenvolvido para simular pirdlise em escala de bancada.

Fonte: Propria
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O reator foi construido em ago inox 360, de 3" SCH 80, tendo um didmetro interno de
77,92 mm e altura de 290 mm. A tampa do reator, com didmetro de 114,30 mm, tem uma
entrada para o nitrogénio, a fim de tornar a atmosfera do processo de pir6lise inerte, e uma saida
para os gases do processo, além de uma entrada para o termopar (Novus, Termopar tipo K,
Brasil), a qual € conectada a um controlador automatico de temperatura (Novus, N1040, Brasil).
Este reator deve ser inserido em uma mufla aquecida por resisténcia elétrica para que haja
aquecimento. O reator foi construido pelo Colégio Técnico Industrial de Santa Maria. Sua

utilizacdo serd feita em pesquisas futuras.
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5 CONCLUSAO

Uma abordagem para avaliar e identificar polimeros nos Residuos de Servigo de Saude
da Unidade de Cirurgia Geral — Servigo de Internagdo (UCG), do Hospital Universitario de
Santa Maria (HUSM)), foi realizada neste trabalho.

Os principais polimeros identificados no RSS deste estudo foram o PP, PEAD, PS e
celulose, representando 94,25% dos polimeros avaliados. A FTIR foi a principal técnica
analitica utilizada para a identifica¢do individual de cada tipo de polimero, bem como permitiu
evidenciar a presenca dos polimeros em uma mistura proposta para este estudo, a qual contem
uma média ponderada dos principais polimeros encontrados (85% de PP, 6% de PEAD, 5% de
PS ¢ 4% de celulose).

Verificou-se que a comparagdo dos resultados encontrados com dados da literatura ¢
dificil, devido a diversidade de materiais utilizados e a forma de gestdo destes residuos. No
entanto, a metodologia proposta neste estudo, para a identificacdo de polimeros, pode ser
aplicada para qualquer unidade geradora de RSS, utilizando a combinagdo sistematica de
informagdes provenientes de fornecedores, dados de embalagem e técnicas analiticas de F'TIR
e DSC.

Considerando a diversidade de polimeros encontrados no RSS e o fato deste se tratar de
um residuo infectado, o mecanismo de recuperagdo energético utilizando a pirdlise para a
producdo de combustiveis liquidos ¢ visto como a melhor estratégia para a reciclagem deste
residuo. Os combustiveis liquidos podem ser utilizados em caldeiras nos hospitais, evitando
custos de disposi¢do e fazendo melhor uso dos polimeros provenientes de dispositivos médicos.

Para avaliar a implementag¢do de um processo de pir6lise, os parametros cinéticos dos
polimeros foram determinados, utilizando dados de 7G4, a qual simula em pequena escala este
processo. Utilizando essa andlise, pode-se observar que o intervalo de temperatura de maxima
taxa de degradacdo térmica da mistura de polimeros foi altamente influenciado pelo principal
polimero presente na mistura, ou seja, o PP.

Utilizando a TGA foi possivel ainda verificar a presenca de celulose, hemicelulose e
lignina na amostra da fita adesiva hipoalergénica, a qual representou a celulose no estudo
cinético. Esse material, de acordo com o fabricante, ¢ feito de viscose, um produto feito
geralmente a partir da madeira, justificando a presenca de hemicelulose e lignina.

O método isoconversional de Friedman ¢ um dos mais utilizados na literatura para a

predi¢do dos pardmetros cinéticos, sendo aplicado neste estudo para a amostra de celulose ¢ a
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mistura representativa dos polimeros encontrados, cujos valores ndo foram encontrados na
literatura. Entretanto, este método necessita que dados de 7GA provenientes de trés taxas de
aquecimento diferentes sejam obtidos, para a determinagdo dos valores de E, e /nA4 utilizando
regressdo linear para valores constantes de conversdo, usualmente assumindo modelos de
reagdo de primeira ordem ou de Sestak—Berggren.

Uma estimacao de parametros ndo-linear utilizando a fungdo fminsearch construida no
MatLab®, aplicada para a estimacdo dos parametros cinéticos, bem como a integragdo
numérica da forma genérica da equacdo cinética utilizando a fun¢do ode45 construida no
Matlab® foram propostas neste trabalho. Esta abordagem permite a predicao dos parametros
cinéticos considerando como estimativa inicial dados da literatura ou aqueles obtidos aplicando
o método isoconversional de Friedman.

O modelo de reagio de Sestak—Berggren apresentou melhores resultados quando

comparado ao modelo de primeira ordem, tanto para os polimeros puros quanto para a mistura.

Tal resultado foi observado considerando as métricas estatisticas avaliadas (SSE, SAE, AIC, Rﬁdj

e R?) e a comparacao grafica entre os dados teoricos e experimentais. A estimagao de parametros
ndo-linear proposta neste trabalho se destaca, portanto, como uma técnica eficiente para
predizer os parametros cinéticos para o PP, HDPE, PS e celulose, bem como a mistura destes
polimeros.

Desta forma, o estabelecimento da cinética de degradacao dos polimeros e suas misturas
foi fundamental para se conhecer parametros como a energia de ativagdo necessaria para a
promogao da decomposicdo dos polimeros através da pirdlise.

Os resultados encontrados nesta tese comprovam a complexidade do estudo com relacao
a avaliagdo da reciclagem dos RSS para geracdo de combustiveis liquidos utilizando a pirdlise,
bem como e a ampla gama de estudos que ainda podem ser realizados para tornar este processo

uma realidade.
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6 SUGESTAO PARA TRABALHOS FUTUROS

De acordo com o estudo realizado na presente tese € com os artigos desenvolvidos, na

sequéncia sdo apresentadas algumas sugestdes para trabalhos futuros:

e Fazer a avaliagdo da degradagdo térmica e determinagdo dos pardmetros cinéticos para
o PP, PEAD e PS considerando o uso de trés taxas de aquecimento, sendo estas de 5, 10
e 20 °C min’!, utilizando o método isoconversional de Friedman;

e Avaliar outros modelos de reacdo de estado s6lido, em comparagdo aos modelos de
primeira ordem e de Sestdk—Berggren;

e Determinacdo dos pardmetros cinéticos utilizando técnicas de inteligéncia artificial,
como de Redes Neuronais Artificiais;

e Realizar andlises em escala aumentada, em relagdo ao processo estudado em 7G4, no
reator de bancada construido neste estudo;

e Determinar o poder calorifico inferior dos polimeros encontrados no RSS e sua mistura,
para avaliacdo do potencial energético;

e Avaliar os gases e liquidos produzidos em um processo de pirolise, utilizando para isso
sistemas de pir6lise acoplada a analise dos gases desprendidos e a espectrometria de
massas e a pirolise acoplada a cromatografia gasosa e a espectrometria de massas;

e Fazer a identifica¢do dos tipos de elastdmeros encontrados no RSS, que representam

35,73% do RSS avaliado neste estudo e propor formas de reciclagem.
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APENDICE A — ETAPAS ENVOLVIDAS NA GESTAO DE RSS NO HUSM

Nesta se¢do uma breve descricdo sobre a gestdo dos RSS do HUSM ¢ realizada,
conforme as categorias em que estes sdo divididos, as quais estdo registradas em seu Plano de
Gerenciamento de Residuo de Servico de Saude - PGRSS (HUSM, 2017). Um fluxograma de
como estes processos ocorrem esta apresentado no Anexo A.

Os RSS do Grupo A sao identificados pelo simbolo de substancia infectante, com rotulos
de fundo branco, desenho e contornos pretos (ANVISA. AGENCIA NACIONAL DE
VIGILANCIA SANITARIA., 2018). Estes residuos sio acondicionados em sacos brancos
leitosos, com capacidade para 30, 50 e 100 litros, colocados em recipientes de material lavavel,
resistente a punctura, ruptura e vazamento, com tampa provida de sistema de abertura, cantos
arredondados e resistente ao tombamento. As pec¢as anatdmicas com menos de 500 g e 25 cm
sdo acondicionadas em sacos vermelhos com capacidade para 30 e 100 litros (HUSM, 2017).

O Grupo B ¢ identificado pelo simbolo de risco associado a periculosidade do residuo
quimico (ANVISA. AGENCIA NACIONAL DE VIGILANCIA SANITARIA., 2018). No
HUSM estes residuos sao acondicionados em sacos plasticos de cor laranja, identificados com
caveira (residuo toxico) e capacidade para 30 e 100 litros, sendo acondicionados posteriormente
em lixeiras, bombonas e caixas de papeldo, com identifica¢do de toxico (HUSM, 2017).

O Grupo C ¢ representado pelo simbolo internacional de presenca de radiagdo ionizante
em roétulos de fundo amarelo e contornos pretos, acrescido da expressdo “rejeito radioativo”
(ANVISA, 2018). Os rejeitos Radioativos sdo considerados residuos, somente quando
decorrido o tempo de decaimento, sendo apds considerados de natureza biologica, quimica ou
comum, conforme o caso, € seguem as determinagdes do grupo ao qual pertencem (HUSM,
2017).

Residuos do Grupo D devem ser identificados de acordo com o 6rgdo de limpeza urbana
(ANVISA, 2018). No HUSM, estes sao divididos em Comum ¢ Reciclavel. Para o residuo
Comum, o acondicionamento ¢ feito em saco preto e os residuos considerados Reciclaveis sao
acondicionados em sacos azuis (HUSM, 2017).

O Grupo E ¢ identificado pelo simbolo de risco bioldgico, com rotulos de fundo branco,
desenho e contornos pretos, acrescido da inscri¢do de “residuo perfurocortante”. Estes sdo
descartados separadamente no local de sua geracdo, imediatamente apds o uso, em recipientes
rigidos, resistente a punctura, ruptura e vazamento (ANVISA, 2018). O acondicionamento
destes residuos ¢ feito em coletores rigidos de papeldo, de cor amarela, providos de trava de

seguranga e identificados com simbolo de infectante (HUSM, 2017).
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A primeira etapa da gestdo dos residuos ap0s esta separacdo ¢ a coleta interna, realizada
dentro de cada unidade do HUSM, a qual consiste no recolhimento dos residuos e seu transporte
até a Sala de Residuos, para armazenamento temporario, havendo uma em cada andar do
hospital. Posteriormente, o transporte interno ¢ realizado em contéineres moveis com
capacidade de 400 litros (HUSM, 2017).

Os Grupos A, B e E sdo destinados para a Casa de Residuos. Nesta, os residuos do
Grupo A e B sdo armazenados, separadamente, em bombonas de 200 L, e os residuos do Grupo
E ficam armazenados em caixas de acondicionamento. Cada uma destas categorias ¢ separada
em boxes distintos, adequadamente fechados, sendo posteriormente transportados por empresa
terceirizada para a cidade de Sdo Jos¢ dos Pinhais, estado do Parand, em caminhdes com
simbologia de infectante (Grupo A ¢ E) e toxico (Grupo B).

Os rejeitos do Grupo C sdo considerados residuos somente quando decorrido o tempo
de decaimento, sendo entdo destinados ao Grupo A, B ou D, conforme pertinente. Os residuos
do Grupo D podem ser equiparados aos residuos domiciliares, sendo divididos em comum, os
quais sdo recolhidos por empresa responsavel pelo lixo municipal da cidade de Santa Maria, ou
reciclaveis, recolhidos por uma associacao de catadores de lixo.

Apo6s chegarem a empresa terceirizada, os residuos do Grupo A e E passam por
autoclavagem e sdo entdo encaminhados para o aterro industrial da propria empresa. As pecas
anatomicas sdo encaminhadas para incineracdo, bem como os residuos do Grupo B. As pilhas
e baterias passam por encapsulamento e sdo destinadas para aterro Classe I, para residuos
perigosos (ABNT, 2004). As lampadas fluorescentes sdo processadas e descontaminadas, sendo
o vidro reutilizado e o residuo toxico encaminhado ao aterro Classe I (ABNT, 2004).

A coleta interna ¢ realizada dentro da unidade e consiste no recolhimento dos residuos
e seu transporte até a Sala de Residuos, para armazenamento temporario, havendo uma em cada
andar do hospital. Posteriormente, o transporte interno ¢ realizado em contéineres méveis com

capacidade de 400 litros.
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ANEXO A - FLUXOGRAMA DA GESTAO DE RESIiDUOS DO HUSM

Unidade geradora de residuos segregados

V.

Recolhimento de residuos acondicionados

\:

Transporte do residuo ao depdsito intermediario

v

Coleta e transporte para depdsito externo

v

Armazenagem em box especifico

v

Realizacdo de triagem de residuos

2
v v v v v v

Radioativo Infectante Perfurocortante Toxico Comum Reciclaveis
Box \l/ Aterro de Coleta
chumbado Box residuos seletiva
\l/ especifico Classe I
Aguardar
decaimento
Autoclavagem
radioativo e
. Aterro
enviar para
. sanitario
destino
municipal
conforme p
classificacdo
| ¢ Fm Ok

Fonte: adaptado de Tamiozzo (2017).
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ANEXO B - FLUXOGRAMA EMPREGADO PARA O REGISTRO DE
PROJETOS NO HUSM

Acessarchecklistpararegistro de projetosno GAP/GEP/HUSM

\

Elaborar o projeto |

Registraro projetono Portal de Projetos SIEweb da UFSM |

J

Pesquisador principal
lotado no HUSM

Enviar para GAP/GEP/HUSM |

\’

Pesquisador principal
lotado em outro Centro

v

Assinalar o item previsdo de
execucdo em alguma
subunidade do HUSM

v

J

Preencher o Formulario de Solicitagdo
de Apreciagdo para Execugdo de
Projetos no HUSM/UFSM

Obteraprovagdodetodasas
unidades/setoresdoHUSM envolvidos
no projeto.

(Fluxo do Centro de origem).

AComissdodepesquisadocentro
encaminhaparaanalisedoHUSM

v

GAP/GEP/HUSM: anexa o formulario de Anuéncia da Instituigdo; encaminha
para a Comissdo da GEP/HUSM; encaminha para o pesquisador quando
assinado pela Gerente da GEP ou pesquisador o retira no GAP.

\

v

Comissdo da GEP/HUSM aprova

0 projeto?

e

Indeferido: enviar para o pesquisador

Sim

Resolver pendéncias do projeto

Encaminhar para a GEP/HUSM

v

)

O

Projeto retorna para a Comissao
GEP/HUSM
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Projetoaprovado pela GEP? Enviar projeto ao pesquisador

v

| Envia para CEP/UFSM | GEP emite documento de Autenticagdo
Institucional. Encaminha o documento para
o GAP/HUSM

| CEP/UFSM para avaliagdo de mérito do projeto |

Nao Enviar projeto para o
pesquisador

Projetoaprovado pelo
CEP/UFSM?

Sim

Execugdo do Projeto no HUSM |

Fim

Fonte: Adaptado de GEP (2018).





