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Abstract

The main objective of this thesis was to study Refuse Derived Fuel (RDF) upgrading by torrefaction
and carbonization and to evaluate composition, fuel properties and adsorbent properties of the produced
RDF chars

RDF is a solid fuel produced from non-hazardous wastes, such as municipal solid wastes, construc-
tion and demolition wastes or regular industrial wastes, and it is destined for energy production through
incineration or co-incineration. Despite the processing, RDF still exhibits unattractive fuel properties,
namely high heterogeneity, high moisture and ash contents and low grindability.

In a first approach, torrefaction (200-300 °C) and carbonization (350 and 400 °C) were applied to an
industrial RDF sample, at a laboratory scale, using residence times between 15 and 60 minutes. The
produced chars were characterized for their proximate, elemental and mineral compositions, heating
value and leaching behavior. The increase in temperature and residence time showed a positive effect
on the decrease in volatile matter and increase in fixed carbon content, as well as carbon content and
high heating value (HHV). Leaching tests of the produced chars showed that heavy metals are better
retained by the char matrix than within the raw RDF. For temperatures in the torrefaction range, process
energy yields were higher than 96.3 % and process energy efficiencies were higher than 85 %. Never-
theless, the HHV of these RDF chars were lower than 19.4 MJ.kg™. In the carbonization range, RDF
chars presented HHV in the range of 20.1 to 26.2 MJ.kg™, with energy yields from 84.5 to 91.7 % and
process energy efficiencies from 70.8 to 79.2 %.

Torrefaction and carbonization tests were also carried out on a pre-pilot scale at 300 and 400 °C, and
all products, namely char, condensates and permanent gases were collected and characterized. Chars
showed high carbon contents (61.6 % and 80.2 %, 300 ° C and 400 ° C, respectively) and high calorific
values (19.9 MJ.kg™ and 23.5 MJ.kg?, at 300 °C and 400 °C, respectively). Nevertheless, the ash content
of the produced chars increased when compared to the raw RDF, reaching a maximum value of 28.8
wt.%. The thermal treatment caused the organic chlorine present in the RDF to be converted into inor-
ganic species which could be removed by washing with water at room temperature. Gaseous emissions
were mostly composed of carbon dioxide and carbon monoxide, with lower amounts of methane and
hydrogen. The process condensates showed very high COD values and consisted mainly of oxygenated
organic compounds, such as acids, furans and phenols.

Although the chars produced by torrefaction and carbonization have presented improved fuel prop-
erties, hydrothermal carbonization was also tested in order to validate its potential in the production of
hydrochars with reduced ash and chlorine contents. The effects of process temperature (250-300 °C),
residence time (30 min and 120 min) and solid-to-water ratio (1:15 and 1:5) on the main characteristics
of the hydrochars and process waters were evaluated. The hydrochars had a low ash content (3.3 % at
300 °C and 120 min) and good heating values (28.1 MJ.kg™ at 275 °C and 120 min). The HTC process
also revealed a maximum dechlorination efficiency of 55 % at 300 °C for 120 min. The energy efficiency
calculations showed that the conditions of 275 °C, 30 minutes with a solid-to-water ratio of 1:5 had
lower energy requirements (5.6 MJ), presenting a positive net energy (8.5 MJ) and a higher process
efficiency (52.6 %). The process waters presented acid pH, high COD (maximum 27.2 gO..L ) and
significant concentrations of total phenolic compounds and total reducing sugars. Several organic com-
pounds have been identified in process waters, mainly organic acids, alcohols, furan derivatives, phe-
nolic compounds and aromatic hydrocarbons. Remediation of the HTC process water was attempted
through chemical precipitation and adsorption using activated carbon and RDF derived char. Although
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removal efficiencies for COD and phenolic compounds were higher for activated carbon, RDF char may
be a more sustainable adsorbent to be used in the treatment of these liquid effluents, due to its availability
and low cost when compared to activated carbon.

The evaluation of the energetic valorization of RDF char by gasification was carried out at a pre-
pilot scale using pellets of pine waste fortified with 5 % and 10 % of RDF char. The gasification tests
were carried out at the temperatures of 800 and 850 °C and equivalence ratios of 0.25 and 0.30. The
product gas yield ranged from 1.5 to 2.5 m3 kg™ and was higher for an equivalence ratio of 0.25. The
carbon conversion efficiency and the cold gas efficiency ranged from 60.4 to 96.1 % and 42.2 to 73.5
%, respectively. The pellets with RDF char had a better gasification performance at 850 °C and ER 0.25.
The incorporation of RDF char increased the concentrations of heavy PAHSs in the gasification tars.

Finally, the material valorization of the RDF char was tested through its use as a low-cost adsorbent
for the removal of the dye methylene blue or the heavy metal chromium (V1) from aqueous effluents.
The experiments were carried out in batch and column modes and process parameters were varied,
namely, contact time, solution pH, adsorbent mass, contaminant concentration, test temperature or col-
umn height. RDF char showed potential to remediate methylene blue, and it has been found that the
adsorption may follow a chemical adsorption mechanism. Activation of the RDF char by extraction with
aqueous KOH improved its removal efficiency towards both analytes.

Keywords: RDF; Torrefaction; Carbonization; Hydrothermal carbonization; RDF char; Hydrochar;

Gasification; Adsorption

viii



Resumo

O principal objetivo desta tese consistiu no estudo do melhoramento das caracteristicas fisico-qui-
micas de Combustiveis Derivados de Residuos (CDR) através dos processos termoquimicos de torrefa-
cao e carbonizagdo, de forma a avaliar as propriedades combustiveis e adsorventes dos carvoes de CDR
produzidos.

O CDR ¢é um combustivel solido produzido a partir de residuos nao perigosos, tais como residuos
solidos urbanos, residuos de construcdo e demolicdo ou residuos industriais, e € destinado a producéo
de energia através de incineragdo ou coincineragdo. Apesar do seu processamento, 0 CDR ainda exibe
propriedades combustiveis pouco atraentes, tais como, elevada heterogeneidade, elevados teores de hu-
midade e cinzas e baixa moabilidade.

Numa primeira abordagem, os processos de torrefacdo (200-300 °C) e carbonizacdo (350 e 400 °C)
foram aplicados a uma amostra CDR industrial, em escala laboratorial, utilizando tempos de residéncia
entre 15 e 60 minutos. Os carvdes produzidos foram caracterizados relativamente as suas composicoes
imediata, elementar e mineral, poder calorifico e comportamento de lixiviagdo. O aumento da tempe-
ratura e do tempo de residéncia mostraram um efeito positivo na diminuicao da matéria voléatil e aumento
do teor de carbono fixo, bem como no teor de carbono e no poder calorifico superior (PCS). Os testes
de lixiviag&o dos carvoes de CDR demonstraram que 0s metais pesados séo retidos de forma mais eficaz
pela matriz de carvdo em comparagdo com o CDR original. Para temperaturas na gama da torrefacéo,
os rendimentos energéticos do processo foram superiores a 96,3 % e as eficiéncias energéticas do pro-
cesso foram superiores a 85 %. No entanto, o PCS dos carvdes de CDR obtidos por torrefagdo foram
inferiores a 19,4 MJ.kg*. Na gama da carbonizacdo, os carvdes de CDR apresentaram PCS de 20,1 a
26,2 MJ.kg, com rendimentos energéticos de 84,5 a 91,7 % e eficiéncias energéticas de 70,8 a 79,2 %.

Foram também realizados testes de torrefacéo e carbonizacéo em escala pré-piloto a 300 e 400 ° C,
e todos os produtos, ou seja, carvao, condensados e gases permanentes foram recolhidos e caracteriza-
dos. Os carvies de CDR apresentaram elevados teores de carbono (61,6 % e 80,2 %, a 300 ° C e 400 °
C, respetivamente) e elevado PCS (19,9 MJ.kg™ e 23,5 MJ.kg™, a 300 ° C e 400 ° C, respetivamente).
No entanto, o teor de cinzas dos carvdes produzidos aumentou significativamente quando comparado
com o CDR original, atingindo um valor maximo de 28,8 %. O tratamento térmico fez com que o cloro
organico presente no CDR fosse convertido em espécies inorganicas que foram removidas por lavagem
com agua a temperatura ambiente. As emissdes gasosas foram compostas maioritariamente por didxido
de carbono e monoxido de carbono, com menores quantidades de metano e hidrogénio. Os condensados
produzidos demonstraram valores muito elevados de caréncia quimica de oxigénio (CQO) e consistiram
principalmente de compostos organicos oxigenados, como acidos, furanos e fendis.

Embora os carvbes produzidos por torrefacdo e carbonizacéo tenham apresentado propriedades com-
bustiveis melhoradas, a carbonizacdo hidrotérmica (HTC) foi também testada para validar o seu poten-
cial na producéo de hidrocarvdes com teores reduzidos de cinzas e cloro. Os efeitos da temperatura do
processo (250-300 ° C), tempo de residéncia (30 min e 120 min) e relacdo solido-agua (1:15 e 1: 5) nas
principais caracteristicas dos hidrocarvdes e aguas de processo foram avaliados. Os hidrocarvdes apre-
sentaram teores de cinza reduzidos (3,3% a 300 ° C e 120 min) e PCS elevados (28,1 MJ.kgta 275° C
e 120 min). O processo HTC também revelou uma eficiéncia maxima de descloragéo de 55 % a 300 °
C e 120 min. Os célculos de eficiéncia energética demonstraram que as condi¢des de 275 ° C, 30 minutos
com relacéo solido-agua de 1:5 apresentaram menores necessidades energéticas (5,6 MJ), apresentando
uma energia liquida positiva (8,5 MJ) e uma maior eficiéncia do processo (52,6 %). As aguas de pro-
cesso apresentaram pH 4cido, elevados valores de CQO (maximo 27,2 gO..L?) e concentracdes
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significativas de compostos fendlicos totais e agUcares redutores totais. Diversos compostos organicos
foram identificados nas aguas de processo, principalmente &cidos organicos, alcoois, derivados de fu-
rano, compostos fendlicos e hidrocarbonetos aromaticos. A remediacdo da dgua do processo HTC foi
realizada através de precipitacdo quimica e adsor¢do usando carvéo ativado comercial e carvGes deriva-
dos de CDR. Embora as eficiéncias de remocdo de CQO e compostos fenolicos tenham sido mais ele-
vadas para o carvao ativado, os carves de CDR podem ser considerados adsorventes mais sustentaveis
para o tratamento destes efluentes, devido a sua disponibilidade e baixo custo quando comparados ao
carvéo ativado.

A avaliacdo da valorizacdo energética do carvao de CDR através de gaseificacdo, foi realizada em
escala pré-piloto utilizando pellets de residuos de pinho com 5 % e 10 % de incorporacédo de carvdo de
CDR. Os testes de gaseificacdo foram realizados nas temperaturas de 800 e 850 ° C e razdes de equiva-
Iéncia (ER) de 0,25 e 0,30. O rendimento de gas produto variou entre 1,5 e 2,5 m3.kg™ e foi maior para
uma razdo de equivaléncia de 0,25. A eficiéncia de conversdo de carbono e a eficiéncia de gas frio
variaram entre 60,4 e 96,1% e 42,2 a 73,5%, respetivamente. Os pellets com incorporacdo de carvao de
CDR tiveram um melhor desempenho de gaseificagdo a 850 °C e ER 0.25. A incorporag&o de carvao de
CDR aumentou as concentra¢@es de hidrocarbonetos aromaticos policiclicos (PAHs) pesados nos tars
de gaseificagdo.

Por fim, a valorizagdo material do carvdo de CDR foi testada através da sua utilizagdo como adsor-
vente de baixo custo, para a remocao do corante azul de metileno ou do metal pesado crémio (VI) de
efluentes aquosos. As experiéncias foram realizadas em descontinuo (batch) e em continuo (coluna) e
parametros do processo foram variados, nomeadamente, tempo de contato, pH da solucéo, massa de
adsorvente, concentragdo de contaminante, temperatura de teste ou altura da coluna. O carvdo de CDR
demonstrou potencial para remediar o azul de metileno e verificou-se que a adsor¢do pode seguir um
mecanismo de adsorcao quimica. A ativagdo do carvdo de CDR por extracdo com KOH aquoso melho-
rou a sua eficiéncia de remog&o para ambos os analitos.

Palavras-chave: CDR; Torrefacdo; Carbonizagdo; Carbonizagdo hidrotérmica; carvdo de CDR; Hidro-

carvéo; Gaseificacdo; Adsorcéao
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Chapter

General Introduction
1.1. Relevance of the study

Population growth and fast technological development have led to an increased consumerism which
translates into a higher resource consumption and a consequent high waste production (Couto et al.,
2016; Teixeira et al., 2014). There is a projected increase in the production of municipal solid wastes
(MSW) of 2.2 billion tons by 2025 (Bolyard and Reinhart, 2016). In Portugal alone, around 4.75 million
tons of MSW were produced in 2017 (Fernandes et al., 2018). The ever-growing waste production is
becoming a serious social and environmental problem, triggering the need to develop an improved waste
management strategy.

Waste management largely focuses on treatment and final disposal of waste streams from all sectors
of society, but nowadays it also contributes greatly to energy provision and secondary resource recovery
(Astrup et al., 2014). European Union (EU) guidelines and strategy for waste management, present in
Directive 2008/98/EC, state that “the following waste hierarchy shall apply as a priority order in waste
prevention, management legislation and policy: prevention, preparing for re-use, recycling, energy re-
covery and disposal” (Lombardi et al., 2014). This hierarchy ranks valorization operations higher than
disposal methods such as landfilling.

According to the Decree Law n. © 183/2009, that transposes Directive 1999/31/EC, landfilling must
be brought to a minimum. Landfilling presents many environmental disadvantages, like the generation
of highly contaminated liquid effluents and gaseous emissions. Furthermore, this practice also represents
loss of resources and it has significant associated economical costs, depending on the type of waste.
Currently there are three landfill typologies, namely, inert, non-hazardous and hazardous and the cost
of depositing in each of the typologies is higher as the wastes are more reactive (hazardous) (Ministry
of Environment, Regional Ordinance and Regional Development, 2009).

In spite of all the negative characteristics, sanitary landfilling is still recognized as the most common
waste management strategy to deal with urban and industrial solid wastes throughout the globe (Abood
et al., 2014; Foo and Hameed, 2009; Rivas et al., 2006). Directive 1999/31/EC stated that the amount
of biodegradable material sent to landfill ought to be reduced to 35 % of the 1995 level by 2016. For the
Member States that were landfilling more than 80 % of MSW in 1995 (which included Portugal) there
was a four-year derogation period (Teixeira et al., 2014). By 2008 Portugal had a landfill deposition
rate of 88 %, reducing to 53 % by 2013, 52 % by 2014, increasing to 57 % by 2017, as seen in Figure
1.1 (Margal et al., 2014; Marcal and Teixeira, 2017).
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20.60%
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12.20%

= Composting/Anaerobic digestion = Energy recovery = Recycling = Landfill

Figure 1.1: Final destinations of MSW in 2017 (Marcal and Teixeira, 2017).

On the 2" of December 2015, the European Commission approved an action package for circular
economy in which the Directive 2008/98/EC was amended. This revised legislative proposal entails a
set of common goals for all EU countries until 2030 regarding wastes. It sets clear targets for reducing
waste production and it also sets an ambitious and credible route to long-term management and recy-
cling. To ensure its effective implementation, the waste reduction targets contained in the new proposal
are accompanied by actual measures to overcome the obstacles in situ and the different situations in
different Member States (European Union, 2015):

e  Re-use and recycle 65 % of municipal waste by 2030;

e Increase re-use and recycling for packaging waste up to 75 % by 2030;

e Binding goal for the limitation of waste landfilling to 10 % by 2030;

e  Prohibition of landfilling wastes subjected to selective collection;

e  Promotion of economic instruments to discourage landfill deposition;

e  Harmonize and simplify the legal framework on by-products and end-of-waste status.

In Portugal, the Action Plan for Circular Economy (‘“Plano de Agdo para a Economia Circular”) was
discussed and approved by the Council of Ministers Resolution n.°190-A/2017, in November 2017
(Council of Ministers Presidency, 2017).

Re-use and recycling represent effective material recovery. For those waste streams that cannot be
efficiently recycled, energy recovery presents itself as the evident solution in order to prevent excessive
landfill volumes and save fossil fuel resources. Therefore, a single waste management practice cannot
handle the complete range of waste types while simultaneously satisfying the European criteria of an
integrated and sustainable management system (Arena and Di Gregorio, 2014; Teixeira et al., 2014).

The production of waste derived fuels such as Refuse Derived Fuel (RDF) or Solid Recovered Fuel
(SRF), represents an efficient way to recover energy from wastes (Biatowiec et al., 2017). Nevertheless,
these fuels often present high heterogeneity which results in less positive physical and chemical prop-
erties such as low calorific values, high moisture, ash and chlorine contents. These features can limit
their application in thermochemical conversion processes (Edo et al., 2017). Fuels with high chlorine
and ash contents are known to cause several operational issues and environmental impacts such as slag-
ging and fouling phenomena, boiler corrosion (Silva et al., 2014) and cause problematic emissions such

2
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as HCI and dioxins/difurans (PCDD/Fs) (Chyang et al., 2010). Moreover, this material can have a sig-
nificant polymeric fraction that lowers its grindability and can cause problems regarding the feeding
systems of boilers or gasifiers. All these factors correlate negatively with its proper use for energy pur-
poses.

Torrefaction, carbonization and hydrothermal carbonization are thermal conversion technologies that
may enhance some of the RDF fuel characteristics, by modification of its composition and heating value.

These thermal processes have been applied to lignocellulosic materials resulting in homogeneous
chars with lower moisture content, higher calorific values, lower O/C ratios, higher hydrophobicity and
enhanced grindability when compared with the original feedstock (Chen et al., 2015b; da Silva et al.,
2017; Hwang and Kawamoto, 2010; Manya et al., 2015; Wang et al., 2018a). According to Vassilev et
al. (1999) the use of waste derived char as an alternative fuel can bring several advantages when com-
pared with raw waste or RDF, mainly because of its higher quality as a substitute in existing coal-fired
power plants, or for its application in gasifiers for syngas production.

Different thermochemical pre-treatments have different operating conditions and process require-
ments, resulting in the formation of a final product with different physical and chemical characteristics.
It is very important to characterize the resulting chars, because their properties will be determinant for
their application in the industry.

A careful selection of optimal treatment conditions may allow to upgrade RDF, yielding chars with
higher heating value, lower moisture content, higher density and lower chlorine content for fuel appli-
cations, such as gasification. Furthermore, the RDF chars may also be used as carbon adsorbents or as
activated carbon precursors, applications for which fuel properties, such as ash content, are not as rele-
vant.

Finally, even when the obtained RDF chars are not adequate for energetic or material valorization,
thermochemical upgrading will promote an increase in density that is advantageous for the landfill so-
lution, by reducing land use and environmental impacts.

1.2. Research goals

This work intends to give a contribution in implementing solutions for the fuel and material upgrad-
ing of RDF, whilst studying the potential applications of an upgraded product. More specifically, this
PhD thesis assesses the potential of torrefaction, carbonization and hydrothermal carbonization, as pre-
treatment steps for RDF, in order to obtain a char with enhanced fuel properties such as homogeneity,
carbon content and high heating value. Characterization of the produced chars indicates which thermo-
chemical technology yields chars with better fuel properties. Furthermore, to validate energy applica-
tions of the RDF chars, the chars produced via torrefaction were used as feedstock in gasification. Ma-
terial valorization was also studied by using RDF chars as low-cost adsorbents, and in order to give
alternatives for the application of RDF chars.

1.3. Thesis outline

e Chapter 1 - General introduction

This chapter describes the relevance of the current thesis in its field of study, as well as the main
objectives and the thesis outline.
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e Chapter 2 — State-of-the-art

This chapter exposes the current issues of waste management, namely RDF production, RDF fuel
properties and energy recovery from RDF through different thermal treatment technologies. This chapter
also discloses the status of RDF production in Portugal and the need for RDF upgrading technologies.
The following book chapter was based on this chapter:

Nobre C., Gongalves M., Vilarinho C. 2019. A brief assessment on the application of torrefaction and
carbonization for Refuse Derived Fuel upgrading. Lecture Notes in Electrical Engineering. 505:633—
640. doi:10.1007/978-3-319-91334-6_86.

e Chapter 3 - Upgrading industrial RDF through torrefaction an carbonization: Evaluation of
RDF char fuel properties

Chapter 3 describes the application of the torrefaction and carbonization processes to industrial RDF
samples. RDF samples were tested for torrefaction and carbonization varying the process parameters,
namely temperature (200-400 °C) and residence time (15-60 min). The RDF chars were characterized
regarding their main physical-chemical properties: proximate and ultimate analysis, high heating value,
chlorine content, mineral composition and leaching behavior. The following conference proceedings
(oral communication) and paper were based on this chapter:

Nobre, C., Gongalves, M., Vilarinho, C., Mendes, B. (2018). Upgrading of Refuse Derived Fuel through
torrefaction: evaluation of RDF char fuel properties. Proceedings of ECOS 2018 - the 31st International
Conference on Efficiency, Cost, Optimization, Simulation and Environmental Impact of Energy Systems,
17-22 Junho, Guimaraes, Portugal. ISBN: 978-972-99596-4-6.

Nobre C., Vilarinho C., Alves O., Mendes, B., Gongalves M. 2019. Upgrading of refuse derived fuel
through torrefaction and carbonization: Evaluation of RDF char fuel properties. Energy, 18. doi:
10.1016/j.energy.2019.05.105.

e Chapter 4 — Torrefaction and carbonization of RDF: Char characterization and evaluation of
gaseous and liquid emissions

In Chapter 4, RDF torrefaction (300°C for 30 minutes) and carbonization (400°C for 30 minutes)
were scaled-up in a pre-pilot scale pyrolysis furnace. These tests entailed the chemical and physical
characterization of the produced RDF chars, as well as the evaluation and characterization of the liquid
and gaseous (permanent gases and condensates) emissions associated with the thermal conversion pro-
cesses. The following conference proceedings (oral communication) and paper were based on this chap-
ter:

Longo, A., Nobre C., Gongalves, M., Vilarinho, C., Aradjo, J., Mendes, B. (2015). Upgrading of indus-
trial RDF using torrefaction. 3 International Conference: WASTES: Solutions, Treatments and Oppor-
tunities, pp. 258, 14-16 September, Viana do Castelo, Portugal. ISSN:21830568.
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Nobre C., Alves O., Longo A., Vilarinho C., Gongalves M. 2019. Torrefaction and carbonization of
Refuse Derived Fuel: Char characterization and evaluation of gaseous and liquid emissions. Bioresource
Technology, 285 (121325). doi:https://doi.org/10.1016/j.biortech.2019.121325.

e Chapter 5 — Hydrothermal carbonization of RDF

In this chapter, the effect of process variables, such as temperature (250-300 °C), RDF-to-water ratio
(1:5and 1:15) and reaction time (30 and 120 minutes), in hydrothermal carbonization (HTC) were stud-
ied for an industrial RDF sample. HTC tests were conducted in batch mode. The hydrochars were char-
acterized for their fuel properties and the process waters were also characterized in order to evaluated
their possible applications or remediation techniques. The following conference proceedings (oral com-
munication) was based on this chapter:

Nobre C., Alves O., Durdo, L., Vilarinho C., Gongalves, M. 2019. Hydrothermal carbonization of Re-
fuse Derived Fuel. EUBCE 2019 — 27" European Biomass Conference & Exhibition, Lisbon, 27-30
May. doi: 10.5071/27thEUBCE2019-3C0.15.1

e Chapter 6 - Gasification of pine waste pellets with incorporation of RDF char

To validate the energetic valorization of the RDF chars, gasification was chosen as the thermochem-
ical conversion process to convert the obtained chars into a gaseous fuel.

The RDF char was pelletized in different formulations with reference pine wastes. The pellets were
characterized for their fuel properties and were gasified varying two very important parameters in gasi-
fication: temperature and equivalence ratio. The yield and composition of the producer gas was assessed,
as well as the organic composition of the formed tars. The following conference proceedings (oral com-
munications) were based on this chapter:

Nobre, C., Longo, A., Gongalves, M., Vilarinho, C., Mendes, B. (2016). Gasification of mixtures of
lignocellulosic wastes and refuse derived fuel char. 2™ International Conference on Green Chemistry
and Sustainable Engineering, pp.415, 20-22 July, Rome, Italia. ISBN: 978-84-944311-6-6.

Nobre, C., Gongalves, M., Longo, A., Vilarinho, C., Mendes, B. (2018). Gasification of pellets produced
from blends of biomass wastes and refuse derived fuel char. Proceedings of ECOS 2018 - the 31st
International Conference on Efficiency, Cost, Optimization, Simulation and Environmental Impact of
Energy Systems, 17-22 June, Guimardes, Portugal. ISBN: 978-972-99596-4-6.

e Chapter 7 — Material valorization of Refuse Derived Fuel char — Use as low-cost adsorbent

This chapter corresponds to the material application of RDF chars. This work consisted in batch and
fixed column adsorption experiments for effluent remediation. These tests were performed with model
contaminants such as methylene blue and chromium. The potential for enhancing the adsorption capac-
ity of the RDF chars was also studied by testing different decontamination procedures. The following
book chapters were based on this chapter:

Nobre C., Gongalves M., Resende D., Vilarinho C., Mendes B. Removal of chromium and aluminum
from aqueous solution using refuse derived char. 2016. Technological Innovation for Cyber-Physical
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Systems IFIP Advances in Information and Communication Technology, AICT-470; 515-522.
d0i:10.1007/978-3-319-31165-4_48.

Nobre C., Vilarinho, C., Gongalves M. Refuse Derived Fuel char as a low-cost adsorbent for the cationic
dye methylene blue. 2019. WASTES: Solutions, Treatments and Opportunities 3" International Con-
ference, Caparica, Portugal, 4-6 September (submitted).

e Chapter 8 — General conclusions

Chapter 8 includes the main conclusions that were drawn from this PhD work as well as suggestions
for future work in the studied area of expertise.
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State-of-the-art

2.1. Introduction

Refuse Derived Fuel (RDF) is the broad designation for fuels obtained from waste not obeying spe-
cific technical characteristics and is generally associated with low quality fuels (Nasrullah et al., 2015).
This designation was first used by Dr. Jerome Collins, in 1973, to name the secondary fuel produced
from processed municipal solid wastes (MSW) (Phillips, 1998). More recently, new regulation and
accompanying standards have given rise to a new term, Solid Recovered Fuel (SRF) (Rada and
Andreottola, 2012). To provide RDF of a classification based on specific technical criteria, the European
Commission has drawn up a set of standards for this fuel and named it as SRF (European Union, 2015).

According to the technical specification CEN/TS 15359:2006, SRF is a solid fuel prepared from non-
hazardous waste to be used for energy recovery from incineration and co-incineration facilities. This
solid fuel complies with the specifications required by the previously mentioned technical specification
and it is processed, homogenized and has an improved quality that allows its trade between producers
and consumers (Vieira et al., 2011).

These fuels can originate in several waste streams such as MSW, regular industrial waste (RIW),
construction and demolition waste (CDW) or sludge produced from potable water supply and sanitation
in treatment plants (Rada and Andreottola, 2012). Only fuels derived from non-hazardous wastes may
be classified as RDF or SRF. CEN/TS 15359:2006 also states that solid biofuels and untreated urban
wastes are excluded from the SRF definition (Dias et al., 2006).

Moreover, RDF and SRF are considered partly renewable because of their high biogenic content
(Dunnu et al., 2010). SRF is classified as a residue with the code “19 12 10” from the European Waste
List (EWL) (European Comission, 2014; Vieira et al., 2011). Some countries had a classification and
specification system in place before the introduction of these European standards, as such, in these coun-
tries, the term RDF and SRF are synonymous. The consequence is that only SRF can be classified as
EWL 19 12 10, all the other fractions deriving from a Mechanical and Biological Treatment plant (MBT
plant), albeit having suitable fuel properties, must be classified as EWL 19 12 12 (European Comission,
2014).

In the United Kingdom, both EWL 19 12 10 (Combustible waste — Refuse Derived Fuel) and EWL
19 12 12 are used for RDF and rejects from Materials Recycling Facilitiy (MRF) operations, but also
for SRF. The exported RDF in Ireland is classified as EWL 20 03 01 (Mixed Municipal Waste), because
most RDF producers state that they undertook the minimum level of treatment to allow their waste to
be legally exported (Ciceri and Martignon, 2015).

The SRF classification system is based on different indicators, namely economic (lower calorific
value), technical (chlorine content) and environmental (mercury content), emphasizing the importance
of these three aspects in SRF production and use. This system is based on limit values for the three
parameters, using the following data presentation:

e Lower heating value (LHV) - arithmetic average (as received);
¢ Chlorine content - arithmetic average (dry basis);
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e Mercury content — median and 80 percentile values (as received).

The highest of statistical values (median and 80 percentile) in a series of mercury data, determines
its classification. Each parameter is divided into five classes and is associated with a scale of 1 to 5 for
each parameter. The class code is a combination of three classifications, since the three parameters have
equal importance. Table 2.1 shows the classification system for SRF/RDF (Dias et al., 2006).

Table 2.1: Classification system used for solid recovered fuels (Dias et al., 2006).

isti - Class
Parameter Statistical meas Units
ure 1 2 3 4 5
Lower Heating Average Mikgl(ar) =25 =20 =15 =10 >3
Value (LHV) g 9 = = = = =
hlori tent
¢ Or"(]glc):on en Average % (db) <02 <06 <10 <15 <3
Median mg.MJ2 (ar) <0.02 <003 <008 <015 <0.50

Mercury Content

(Ho) 80 percentile ~ mg.MJ'(ar) <004 <006 <016 <030 <1.00

This classification is supported by the same technical specification mentioned above (which in Por-
tugal translates to the Portuguese Standard NP 4486:2008).

The shift in definition, classification and specification parameters of RDF for the requirements of the
final user, mostly represents an effort to improve the marketability of waste derived fuels (Di Lonardo
et al., 2016). Other standards regarding SRF are also available under CEN/TC 343 (Dias et al., 2006),
such as the estimation of the biogenic fraction of SRF through the determination of biomass content
under the standard EN 15440:2006 (Séverin et al., 2010).

RDF characteristics vary greatly depending on their source and production line scheme and that is
why it is important to evaluate the physical and chemical properties of this fuel and the performance of
the thermal treatment that the fuel will undergo (Hernandez-Atonal et al., 2007). The distribution of
proximate analysis parameters (moisture, ash, volatile matter and fixed carbon) will influence the per-
formance of the burning bed and the heat distribution along the conversion system. Table 2.2 presents
typical values for RDF fuel characterization.

Table 2.2: Proximate analysis results for different samples of RDF from different sources.

Sample Moisture Ash \:T(]):titt:re ([::a:;(be:n HHV Waste Reference
9 a 0 b 1
(%, wb®) (%, db®) (%, db) (%, db) (MJ.kg™) stream
RDF 1 8.33 0.37 71.11 20.19 14.04 (Duan et al., 2013)
RDF 1 099  10.04 79.10 9.60 23.90 ,
MSW (Grammelis et al.,
RDF 2 130  16.10 71.90 10.70 22.35 2009)
RDF 1 370  18.90 67.60 9.80 22.30
RDF 2 170 17.70 73.60 7.00 2460 Msw  (Hernandez-Atonal
et al., 2007)
RDF 3 1970  20.40 49.10 10.80 13.90
SRF 28.11 9.65 55.99 6.36 1479 Msw  (Agraniotisetal,

2010)

awh, wet basis; ° db, dry basis.
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SRF/RDF produced from MSW generally presents larger ranges in each analytical parameter due to
its highly heterogeneous composition.

Another characteristic of RDF that impacts the chosen conversion method is its mineral composition.
The mineralogical composition determines the predisposal of the fuel for ash fusibility, which leads to
fouling and slagging phenomena. It represents one of the most problematic features of waste derived
fuels, mainly because these ash related phenomena have a negative impact on the reactor efficiency.
Table 2.3 shows the major elements present in two different RDF samples, from different sources.

Table 2.3: Typical metal concentrations in the ash of RDF from different sources (adapted from Rocca et al., 2012
and Baciocchi et al., 2010).

Element Concentration (mMg.gasn™) Concentration (Mg.gash™)
Al 63.5 66.1
Zn 4.2 2.2
Pb 0.9 1.3
Ni 0.1 0.1
Mn 0.5 2.4
K 4.2 54
Cu 3.8 6.2
Cr 0.3 0.4
Cd - 0.01
Ca 258.4 262.0
Mg 19.1 20.5
Na 54.2 27.7
Cr 48.7 36.0

Unlike coal ashes, major elements found in waste derived fuel ashes are not of geological origin.
They are mostly derived from refined products that constitute the fuel (Dunnu et al., 2010).

Current regulations are setting high quality standards for waste derived fuels, so that they can be
readily accepted as substitutes or auxiliary fuels in most combustion systems with minor modifications
(Caputo and Pelagagge, 2002).

Fuels produced from wastes are distinctly cheaper comparing with primary fuels (sometimes they
are even offered with additional payment for the consumer) and this causes the willingness to use them
in energy intensive branches of industry such as clinker production in the cement industry (Wasielewski
etal., 2011).

Waste derived fuels with the right specifications require technologically advanced production lines.
The SRF/RDF production process consists in a sequence of organized unit processes aiming to separate
the various components of a heterogeneous mixture, using different technologies. The process parame-
ters differ from producer to producer, a consequence of the different strategies with regard to production
of this fuel, depending on the degree of quality to be achieved. The line composition will also vary
according with specific site conditions and the source of the raw material (Caputo and Pelagagge, 2002;
Dias et al., 2006). Collection and treatment of the waste fraction with higher calorific value can be done
in two different ways (Ekholm, 2005):

e Separation at the source: Through collection in different bags and containers or simple preparation
in two instalments (moist and dry) in two bags of different colors, usually transparent, which are
then optically separated on the RDF preparation installation;

e Separation in plants from mixed waste: Mechanical separation through physical processes like shred-
ding, screening, magnetic separation, Eddy Current separation, wind separation, ballistic separa-

tion, etc.
9



Chapter 2: State-of-the-art

In Europe, mechanical treatment (MT) or mechanical biological treatment (MBT) are mixed waste
plants that produce SRF/RDF. MBT technologies were developed around 1995 in Germany and Italy,
and over the last 20 years, a considerable capacity of MBT has been installed in Europe. These plants
are designed for material flow management. They use integrated mechanical processing and biological
reactors to convert and separate residual waste into streams of suitable quality, like biostabilized mate-
rial, dry recyclate or waste-derived fuels. Because of the biological treatments (composting or anaerobic
digestion) that handle the organic and putrescible fractions, the MBT system is more suitable for MSW,
(Velis et al., 2010).

In MT plants the various unit operations or sorting techniques, aim at separating unwanted compo-
nents and conditioning the combustible matter in order to obtain an SRF/RDF of predetermined charac-
teristics, following the desired quality standards (Nasrullah et al., 2014). Figure 2.1 shows examples of
general procedures and unit operations that can take place in MBT and MT plants.

10
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Figure 2.1: Example of process flow schematics for the production lines of MBT and MT plants (adapted from Cimpan and Wenzel, 2013; Cook et al., 2015; Pinto, 2009; Sarc
and Lorber, 2013).
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MT and MBT plants create opportunities to recover additional resources and increase the spectrum
of possible energy recovery applications, including high efficiency industrial processes. Nevertheless,
they also increase system complexity, they add inherent system losses and induce additional energy
consumption (Cimpan and Wenzel, 2013). Mechanical separation of wastes reduces the concentration
of hazardous substances contained in the waste through the concentration of these substances in other
streams of the process, not leading up to fuel production (Rotter et al., 2004). The quality of the
SRF/RDF is improved through this process due to an increase in the heating value by reducing moisture
and ash content of the fuel.

The final stage of SRF/RDF production corresponds to packaging and storage. These final steps
require extra safety measures because this fuel can go into spontaneous ignition causing explosions in
the storage facilities and surroundings. In 2003 two people died in an explosion caused by the sponta-
neous ignition of SRF/RDF stored in a cylindrical silo. Chemical oxidation is one of the mechanisms
involved in the auto-ignition of SRF/RDF. The fuel is exposed to the air absorbing the oxygen and
consequently forming peroxides (this can occur through light exposure, heat or micro-organisms)
(YYasuhara et al., 2010).

SRF/RDF typologies can vary depending on their original source or on their shape (Figure 2.2).
According to the latter, this fuel can be presented in the forms of:

o FIluff: Loose, low-density material, with dimensions from 10 to 100 mm and can be transported by
air;

o Pellets: Produced through densification of the loose material, having dimensions < 25 mm (in diam-
eter or equivalent). The pelletization process enhances the density of the fuel, giving it more energy
per volume than regular fluff. It also improves the bulk density of the waste, thus improving its
handling, transportation and storage (Marsh et al., 2007).

o Briquette: This typology corresponds to a block or cylinder produced by agglomeration of the fluff
with dimensions from 40 to 200 mm.

Figure 2.2: RDF typologies: (a) Fluff SRF (Source: http://www.itrimpianti.com); (b) Pellet SRF (Source:
http://www.suxe.co.uk); (c) Briquette SRF (Source: http://www.wxteneng.com).

According to the source, there are many typologies of SRF/RDF. They are generally applied when
these fuels are produced from a very specific waste flow, like industrial wastes (PDF — plastic derived
fuel or PPF — paper and plastic fuel, for example). Different typologies do not apply for SRF/RDF pro-
duced from MSW (Dias et al., 2006).

12
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2.2. RDF production in Portugal

In Portugal, although RDF can be produced from different waste streams, the guidelines for this fuel
are directly connected to MSW. The strategic plan for MSW (“Plano Estratégico para os Residuos
Sélidos Urbanos” - PERSU 11 2007-2016) promoted the diversification of technical solutions and MSW
treatment facilities. These treatment facilities increased the capacity of organic valorization through MT
or MBT, maximizing the amount of wastes susceptible to valorization (Agéncia Portuguesa do
Ambiente, 2014).

The strategy for waste derived fuels (“Estratégia para os Combustiveis Derivados de Residuos”) was
approved through the Decree n. © 21295/2009 of August 26" by the Ministry of Environment. This
strategy followed and complemented PERSU I, presenting a set of acting measures for production, use
and marketability of RDF. Some of the measures in this strategy regarded the optimization of the pro-
duction process, limitations and prohibitions in landfill deposition, establishing RDF production units
and sensitization and promotion for the RDF end-users. The strategy covers the period between 2009
and 2020, is binding only on mainland Portugal and represents an investment between 550 and 730
million euros (Agéncia Portuguesa do Ambiente, 2014).

In 2014, PERSU Il was reviewed mostly because the specified goals were not being achieved and a
new plan designated PERSU 2020 was approved by the Administrative Rule n°.187-A/2014 of Septem-
ber 17", This new plan redefined the urban waste management strategy in Portugal for the period of
2014-2020. However, in the assessment of the situation in 2017, it was verified that preparation for re-
use and recycling had a value of 38 %, with the target for 2020 being 50 %. The deposition of biode-
gradable MSW in landfills was 43 % (based on the 1995 value) and the maximum MSW deposition
target for 2020 was 35 %. Thus, despite the efforts that have been made by the sector, there was a
concern that the 2020 targets still represented a challenge. In that sense, a hew document “PERSU
2020+ was recently put to public discussion. This new plan addresses RDF, recognizing the large
amounts that are produced and landfilled. The value of RDF landfill deposition of 10 % by 2035 estab-
lished by the Landfill Directive still seems very ambitious, and the document itself still presents some
uncertainties regarding this particular subject (Work Group for the preparation of PERSU 2020+, 2018).

Moreover, the Energy Strategy 2020 (“Estratégia para a Energia - ENE 2020”), approved by the
Council of Ministers Resolution n.° 29/2010 of April 15" establishes the "Axis 2 - Bet on renewable
energy" (“Eixo 2 — Aposta nas energias renovaveis”), in the biogas and waste areas, giving support to
RDF potential use and special attention to energy recovery from waste and effluents (Agéncia
Portuguesa do Ambiente, 2014).

The potential of MSW for RDF production was estimated between 950,000 and 1.2 million tons in
2013. It was assumed that the waste management sector, in a perspective of self-sufficiency, was likely
to ensure the disposal of a significant part of the RDF produced from MSW in centralized units and that
the remaining RDF would be forwarded to other economic activity sectors (Agéncia Portuguesa do
Ambiente, 2014). But the last report on MSW (2017) showed that these expectations were not met (Ta-
ble 2.4).

Table 2.4: RDF production or production of raw material for RDF (ton) from MSW, in Portugal between 2011 and
2017 (adapted from Margal et al., 2014; Marcal and Teixeira, 2017).

Year 2011 2012 2013 2014 2015 2016 2017
Triage - --- 120 757 1308 0 0
MT 5709 11484 69996 33750 21042 0
MBT 5412 27153 20498 34190 72564 467 379
RDF production units - --- 6943 0 0
Total 5412 32862 32102 104951 114566 21509 379
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According to the Portuguese Agency for the Environment (APA), 2011 marked the first time RDF
was produced from MSW in Portugal. The amount of RDF increased significantly in 2012 and had a
slight decrease in 2013, followed by a significant increase in 2014 and 2015. The waste management
companies TRATOLIXO and RESITEJO were the main contributors to the large increase in RDF pro-
duction verified in 2014 (Marcal et al., 2014). Nevertheless, the decrease that followed, from 2016 on,
was very significant. This situation was justified by the unavailability of the waste management opera-
tions to receive the produced RDF arguing that it did not comply with the minimum requirements for its
use (Marcal and Teixeira, 2017). In 2015, 2.5 % of the produced RDF was stored for future applications,
1.7 % was used by the cement industry, and 96 % was landfilled (Work Group for the preparation of
PERSU 2020+, 2018).

The processing and shipment of RDF evidences a stagnation in the market by the clear difficulty in
their disposal. According to the Work Group for the preparation of PERSU 2020+ (2018) significant
investments should be made regarding preparation and drying of RDF. High moisture and large granu-
lometry were two problems that were assessed in the RDF that is currently being produced in Portugal,
and these issues severely hinder fuel applications for RDF. Since the portuguese RDF does not present
enough quality to be used by its prime consumer (cement production), RDF entering Portugal by trans-
boundary movements reached 75,909 ton in 2016, and this value represented an increase of 130 % over
the value of 2014. The United Kingdom is responsible for 75 % of the RDF shipped to Portugal.

From these facts, it is seen that RDF production needs to be improved in order for the final product
to meet the quality standards that are needed for its use. This improvement in quality could be achieved
by investigating the possibility of upgrading RDF through thermochemical conversion processes, as-
sessing product characteristics as well as scalability and sustainability of those processes.

2.3. Thermochemical conversion technologies applied to RDF

Thermal conversion processes are fundamental for waste management systems in order to reduce the
mass of waste and to recover the energy content (thermal and electric) from unrecyclable materials.

The thermal treatment technologies used for energy recovery from RDF are very similar to current
technologies used for fossil fuels so, theoretically, the existing technologies for combustion could be
used in RDF valorization. However, because of the different physical and chemical characteristics of
the RDF, there may be technical barriers to their application in energy recovery units designed for fossil
fuels.

Combustion, co-combustion, gasification, pyrolysis and carbonization represent the five main types
of technology used in RDF valorization (Dias et al., 2006). Each technology has its specific require-
ments regarding calorific value and granulometry of the RDF. Combustion and co-combustion are very
mature technologies for waste conversion, whereas gasification, pyrolysis and carbonization in spite of
the environmental advantages over combustion, still have technical issues to overcome in order to fully
be established as mature and easily scalable technologies.

2.3.1. Combustion

RDF can be used in specifically designed power plants that only incinerate these waste derived fuels.
These plants function either for the sole purpose of producing electricity or as combined heat and power
(CHP). It is in most part for the use in these facilities that the quality criteria for RDF needed to become
more severe. Previous RDF had a non-homogeneous distribution of certain elements like chlorine, cad-
mium and mercury leading to high concentrations and dangerous emissions, as well as corrosiveness of
the ash deposits (Nasrullah et al., 2015). On the other hand, RDF can also be used as a substitute fuel in
pre-existing plants or production units with heavy energy demands.
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Combustion can be simply defined as a reaction between oxygen and a fuel, meaning, the exothermal
oxidation of a fuel. Co-combustion or co-processing is a concept that implies that the energy recovery
will be promoted in facilities with a different primary purpose other than the same energy recovery, such
as thermoelectric plants or the cement industry. These co-combustion systems using SRF/RDF are al-
ready established throughout Europe. One of them is the co-combustion of SRF in a lignite fired power
plant in Weisweiler (Germany). This power plant has a pulverized fuel firing system and two boilers of
600 MW. The co-combustion trials were done to investigate fuel handling and feeding system, combus-
tion behavior, emissions and ash properties and lasted for two weeks in March 2005 (Grammelis, 2013).

Cement production plants seem to be the most suitable option for SRF/RDF co-combustion, mainly
because these production plants are wide-ranging regarding SRF classes and because of the reduced
greenhouse gas (GHG) emissions compared to traditional fuels used in cement kilns (Di Lonardo et al.,
2016). Cement manufacturing plants also assure high temperature conditions offering an appropriate
guarantee for the thermal destruction of residuals without aggressive environmental impacts (Dias et al.,
2006; Genon and Brizio, 2008). Each metric ton of cement corresponds to 60-120 kg of fuel oil or an
equivalent mass in other fuels amounting to 3000-5000 kJ.kg? of produced clinker (Genon and Brizio,
2008; Grammelis, 2013). This energy consumption contributes to 4 % of the world’s CO, emissions
(Grammelis, 2013). Every 10 % decrease in the cement CO; intensity by 2050 could save around 0.4 Gt
CO; (Kara, 2012).

The volumes of waste and biomass that are used in cement production have quadrupled in 15 years
(1990 — 2005). The German cement industry, for example, used about 2 million tons of SRF/RDF per
year (Grammelis, 2013).

A significant example of fossil fuel reduction in the cement production process is the Portuguese
company Cibra-Pataias (CMP). This company has since 2006 replaced traditional fuels with alternative
fuels like tires, vegetable waste, animal waste and RDF, although this substitution only takes place when
producing grey clinker. Despite the inherent advantages in fuel substitution, the growing increase in fuel
substitution rate results in lower energy yields leading to an increase in heat consumption. In 2011, the
heat consumption per ton of grey clinker increased from 832 kcal.kg™ to 857 kcal.kg. This upsurge
results in a higher fuel consumption, that rose from 43.1 % to 45.4 % (CMP-Cimentos Maceira e Pataias,
2011).

The research on combustion and co-combustion using refuse derived fuels is well developed and
there are several authors dedicated to the study of combustion systems in order to better understand the
relation between this thermal treatment and fuel composition, combustion system design, pollutant emis-
sions and ash management.

Hernandez-Atonal et al. (2007) investigated RDF combustion characteristics and associated pollu-
tant emissions in a fluidized bed combustor. The results showed that the combustion efficiency of the
system was enhanced when secondary air jets were used. Between 2.6 % and 4.3 % of the potential
nitrogen present in the fuel was converted to NOX. Also, the authors indicated that there was a small
decrease in NOx concentration upon injection of secondary air. The captured fractions of N, Cl and trace
elements in the fly ash were also evaluated and the ratios of Ca/(S+0.5Cl) were found between 1.6 and
2.2 proving that the fly ash was very efficient in capturing CI.

Weber et al. (2009) used an experimental furnace to issue jet flames of a pure refuse derived fuel.
This work intended to compare the properties of RDF flames with those of pulverized coal flames. The
authors demonstrated that there are important differences between the coal flames and RDF flames. For
instance, pulverized coals ignited in the close vicinity of the burner with completion of the combustion
in the first 300 ms. On the other hand, RDF, in spite of its high volatile content, had its combustion
extended far into the furnace with only 94 % burnout after 1.8 s. There were significant amounts of oily
tars in the RDF flames albeit temperatures being higher than 1300 °C. Tars highly affect the slagging
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tendency of RDF. This work gave strong indications that the use of even a small quantity of RDF can
decrease boiler efficiency and increase slagging and fouling problems.

Duan et al. (2013) studied combustion of RDF and sawdust in a pilot scale vortexing fluidized bed
combustor (VFBC), employing flue gas recirculation (FGR). For sawdust combustion, CO emissions
decreased with bed temperature, excess oxygen ratio and in-bed stoichiometric oxygen ratio. The NOx
emissions showed an inversed tendency. Combustion using sawdust as the fuel had difficulty meeting
the CO emissions regulation requirement. The CO and NOx emissions of RDF combustion showed a
similar trend, but RDF combustion decreased the CO emissions mostly due to its distinct pellet structure
and burning pattern.

The thermal characteristics and co-combustion efficiency of two RDF samples were investigated by
Akdag et al. (2016). The RDF samples were combusted alone and co-combusted with coal and petro-
leum coke using percentages of 3 %, 5 %, 10 %, 20 % and 30 % on an energy basis. The authors found
that the calorific values of RDF samples were similar to those of coal and a little lower than petroleum
coke. When RDF in the mixture was higher than 10 %, there was an increase in CO concentration in the
flue gas, leading to a decrease in combustion efficiency. The presence of RDF also decreased SO, emis-
sions while showing no change in the NOx emission profile. Moreover, the XRF analysis indicated that
slagging and fouling potential of the RDF samples was a function of the amount of RDF in the fuel
mixtures since the slagging and fouling indices were higher when the RDF was combusted alone.

In spite of being the most mature technology for Waste-to-Energy (WtE) purposes, combustion has
very significant environmental impacts, directly related with the produced emissions and hazardous by-
products. Moreover, RDF combustion still presents significant challenges mostly regarding combustion
efficiency or ash related problems, which are directly associated with RDF chemical and physical prop-
erties. There is still a need to study, optimize and test more reactor configurations, combustion condi-
tions, fuel upgrading (thermal pre-treatments) and other parameters in order to efficiently produce en-
ergy through RDF.

2.3.2. Gasification

Gasification technology has been around since the 1850s. Back then, the city of London was almost
entirely illuminated by “town gas”, which was produced through the gasification of coal (Belgiorno et
al., 2003). Nowadays, waste gasification represents one of the most recent and challenging additions to
WIE technologies. This thermochemical conversion process basically converts solid wastes into a “pro-
ducer gas” or “syngas” (CO+H>) (Materazzi et al., 2016), by means of high temperature and an oxidizing
agent below stochiometric needs (air, steam, nitrogen, carbon dioxide, oxygen or a combination of the
referenced gases) (Kumar et al., 2009). The gasification agent allows the feedstock to be quickly con-
verted into gas through different heterogeneous reactions and the producer gas contains mainly COs,
CO, Hz, CH4, H20 and in smaller amounts higher hydrocarbons, inert gases present in the gasification
agent and contaminants like small char particles, ash and tars (Belgiorno et al., 2003). The series of
different phenomena occurring during gasification, particularly biomass gasification, entail drying, py-
rolysis, oxidation and reduction (Ramos et al., 2018). According to Kumar et al. (2009), the overall
gasification reaction in an air and/or steam gasifier can be represented by equation 2.1, followed by
multiple reactions and pathways. The main reactions that occur during gasification are represented in
Table 2.5.
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Table 2.5: Main reactions occurring during gasification (adapted from Kumar et al., 2009; Ramos et al., 2018).

Equation Number

CH,0,(feedstock) + 0,(21% of air) + H,0 (steam) - CH, + CO + CO, + H, + ”1
H,0 (unreacted steam) + C (char) + tar (overall gasification reaction)

2C + 0, — 2CO (partial oxidation) 2.2
C + 0, - CO, (complete oxidation) 2.3
C + 2H, - CH, (methanation reaction) 24
CO + H,0 — CO0, + H, (water gas shift reaction) 25
CH, + H,0 — CO + 3H, (steam reforming reaction) 2.6
C + H,0 — CO + H, (water gas reaction) 2.7
C + C0O, — 2CO (Boudouard reaction) 2.8

The inorganic ash is all that remains after gasification and oxidation of the carbon in the char. After
cleaning, the syngas can be further used to produce liquid fuels, used as feedstock for producing hydro-
gen, methanol, ammonia or it can be used to produce green electricity (Dalai et al., 2009; Materazzi et
al., 2016).

In order to have satisfying energy efficiencies, gasification needs fuels with a certain degree of ho-
mogeneity and, as such, RDF is often subjected to several preparation pre-treatments before it is used
in a gasifier (Belgiorno et al., 2003).

In spite of being associated with lower power production, a higher degree of complexity and to higher
implementation costs, gasification of solid wastes accounts for around a hundred of operating plants,
with capacities between 10.10° and 250.10° tons per year (Barba et al., 2016). One example of a suc-
cessful gasification technology using waste derived fuels, is the power plant in Lahti (Finland), which
is an integrated gasification/coal-firing power plant. Gasification with secondary fuels is an alternative
thermal use of RDF. The product gas is cleaned and then it is burned in the coal-fired plant. This plant
is in use since 1998 and has a capacity of 20 tonsge.h™. The efficiency of the coal power plant was
improved by 11 % with the integration of the gasification process (Grammelis, 2013). Table 2.6 presents
other gasification demonstrations and efforts in Europe for RDF/SRF.

Table 2.6: Examples of gasification technologies for energy production from RDF/SRF (adapted from Dunnu et
al., 2012).

Name Technology Specifications Status Country Reference
Demonstration

Bubbling fluid- plant was operat- . (Wilén,
Corenso ized bed gasifier 40 MW, ing for 1400 h Finland 2004)
during tests
Fluidized bed . . . (Kwant and
grsmiska A Yasifier with do- 30 MV;/;B;?put of Sh'ﬁﬁ?a;g bio- Sweden Knoef,
lomite bed 2004)
Pressurized air 8 MW, — Com- Operated with (Kwant and
Varnamo asification bined heat and RDF for short Sweden Knoef,
g power periods of time 2004)
Gréve-en-Chi- Zﬂ)fj%'iggagégg C;Sa,;/iltw gfu;li_ Processes Ital (Dias et al.,
anti pacity perg 100t/dayror peliets y 2006)

gasifiers fier

Gasification has received increased attention mostly due to the growing environmental concerns
based on the use of non-fossil fuels and chemical feedstocks, as well as energy provision and reduction
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of fossil fuel dependency (Arena and Di Gregorio, 2014). This process has very desirable pollution
minimization effects, as well as a higher recovery efficiency than incineration (Galvagno et al., 2009).

Moreover, gasification presents other advantages over traditional combustion of solid wastes. It of-
fers the possibility of combining operating conditions, such as temperature (1000-1700 K), pressure (1-
30 bar), equivalence ratio, gasifying agent (air, O, or steam ) or combining the features of the specific
reactor (fixed bed, fluidized bed, entrained bed, vertical shaft, moving grate furnace, rotary kiln, plasma
reactor), in order to produce a syngas with different characteristics for use in diverse applications (Arena,
2012; Molino et al., 2013).

According to different authors, fluidized bed reactors represent the most promising technology,
mainly because of the enhanced flow mixing, operation flexibility and closely constant temperature
(Arena, 2012, 2011; Barba et al., 2016). This set of characteristics makes it possible to vary raw mate-
rials in this type of reactor, ranging from biomass to solid wastes. Fluidized bed gasifiers represent more
than 30 commercial units worldwide, and due to the aforementioned characteristics, they are frequently
employed as RDF conversion technologies (Materazzi et al., 2015).

Arena and Di Gregorio (2016) studied the technical feasibility of the air gasification of three SRF
samples in a pilot scale bubbling fluidized bed reactor. The samples were co-products of a recycling
process of post-consumer absorbent hygiene products. Gasification operations occurred under condi-
tions of thermal and chemical steady state, with equivalence ratios (ER) from 0.24 to 0.39. This study
obtained carbon conversion efficiencies higher than 93 % and up to 98 %, for an ER higher than 0.3,
having cold gas efficiencies up to 67 %. The application of this gasification process on these samples of
SRF seemed technically feasible, yielding a syngas of valuable quality for energy applications (CO
concentrations between 4.5-9.5 %, H, concentrations between 5.9-12.8 %, and LHVsyngas between 4.9-
7.4 MJ.Nm?) . The authors also found that the high contents of tar and dust may indicate that the syngas
could be sent directly to a gas burner (after a pre-cleaning stage) and consequently to heat recovery and
steam generation. The authors confirm the flexibility of the fluidized bed gasifier, claiming that this
technology is preferable for different kinds of SRF, even in co-gasification mode.

Laboratory scale fluidized bed gasification was studied by Recari et al. (2017). The authors assessed
the influence of different feedstocks (two SRF samples), different bed material and different gasifying
agent on the gasification performance and on the quality of the syngas. Both samples presented similar
product yields. The increase in gasification temperature resulted in higher gas yields, and lower tar and
char yields. The preferred sand material and gasifying agent were dolomite and O,/H,0O, which promoted
the increase of gas yield comparing with the use of sand and air. Results indicated that the presence of
minor contaminants was largely influenced by feedstock composition, composition of the ashes and bed
material. The authors claim that the obtained results represent important data in order to assess suitable
conditions for SRF gasification.

Tar generation and ash disposal are the most difficult barriers to overcome in the use of stand-alone
fluidized bed gasifiers in syngas production from waste. In order to prevent agglomeration and sintering
of ashes and bed material, fluidized bed gasifiers use relatively low temperatures. And, as a conse-
guence, the produced gas has tars and other condensable organics which are difficult and expensive to
remove (Materazzi et al., 2016). There are combined gasification processes that can overturn these is-
sues. These processes rely on external heat sources, like a separate combustion chamber or a plasma
torch in order to pyrolyze and crack the input material (Materazzi et al., 2016, 2015).

Plasma gasification is an allothermal process, using a plasma torch as the external heat source.
Plasma acts as a reforming agent for the gas phase by breaking down unwanted complex hydrocarbons
in the syngas. The reforming aspect of plasma can also be applied on the solid phase depending on the
configuration. This process is done by melting the inorganic fraction and converting it into a vitrified
slag, that is dense, inert and non-leachable (Agon et al., 2016).
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Agon et al. (2016) evaluated the performance of experiments on a single-stage plasma gasification
system for the treatment of RDF produced from excavated waste. The tests were conducted using four
different combinations of gasifying agents, to a total of seven cases. The composition of the produced
syngas was compared with its theoretical composition and the performance of the different cases was
assessed based on process yields and energy efficiencies. All cases yielded a medium calorific value
syngas with a lower heating value up to 10.9 MJ.Nm3, with low levels of tar, high levels of CO and H..
The measured syngas composition was relatively close to the theoretical composition, indicating ther-
modynamic equilibrium inside the reactor during the plasma gasification process. Carbon conversion
efficiency ranged from 80 % to 100 %, maximum cold gas efficiency was 56 % and mechanical gasifi-
cation efficiency was 95 %. The authors state that the treatment of RDF proved to be less performant
than that of biomass in the same system and that the syngas produced from the single-stage reactor
showed more favorable characteristics than a two-stage plasma gasification system. The recovery of the
solid residue as a vitrified slag presents itself as a major advantage of the two-stage set-up .

A novel two stage fluidized bed gasification—plasma converter technology to transform solid waste
into clean syngas, at a commercial scale was studied by Materazzi et al. (2016). The authors intended
to study the process performance while focusing on syngas composition, carbon and energy conversion
efficiencies. This work showed that the two-stage gasification system significantly reduces the concen-
tration of condensable tars in the syngas, improving the gas yield of the system and the carbon conver-
sion efficiency which is crucial in other single stage systems. The combination of high temperature,
turbulence and residence time reached in the plasma converter enabled near zero values when testing
slag samples for organic parameters. The two RDF samples used in this work yielded carbon efficiencies
higher than 96 %, which seemed to be independent of the feed type. This work also showed that the
energy efficiency of the two-stage process is significantly affected when increasing the oxidant inlet at
the second stage, proving that energy efficiency is favored when an external heat source is used.

From the large array of gasification technologies, plasma technology is seen as one of the best alter-
native approaches to produce syngas with high purity and high calorific value. Plasma gasification meth-
ods present several advantages regarding their use with MSW and waste derived fuels, namely because
of the high temperatures that are reached. The technical and economic feasibility of this technology has
been demonstrated for a large range of hazardous wastes, which is still not the case for its application
with MSW. Nevertheless, plasma gasification represents a growing market, having projects and opera-
tional plants planned worldwide, meaning that this particular technology will play a significant role in
energy conversion from wastes (Fabry et al., 2013).

2.3.3. Pyrolysis

Pyrolysis is a thermochemical conversion process that takes place in the absence of oxygen and re-
sults on the decomposition of matter by reducing and cracking higher molecular weight compounds.
There are different types of pyrolysis depending on the temperature, reaction time, heating rate and the
presence of catalysts, namely, mild, high temperature, conventional, fast, flash, thermal and catalytic
pyrolysis (Miskolczi et al., 2010).

The control of the reaction parameters (temperature, pressure, residence time and heating rate), al-
lows for the variation in quantity and composition of the final pyrolysis products, which are char, oxy-
genated oil and combustible gas (Chen et al., 2014). All three products have potential as fuels, either
directly or after an upgrade, in transport, power generation or combined heat and power, for example
(Hossain and Davies, 2013).

In order to design and implement large-scale pyrolysis units, the understanding of the process for
different raw materials is crucial. There is substantial work done regarding pyrolysis of biomass over
the last few years (Abdullah et al., 2007; Jeguirim and Trouvé, 2009; Junming et al., 2009; Lima et al.,
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2004; Van de Velden et al., 2010). There are also several published papers describing the use of wastes,
such as industrial wastes (plastics, tires, waste oils) and MSW (Chen et al., 2014; Domefio and Nerin,
2003; Kim and Kim, 2000; Manya et al., 2015; Murugan et al., 2008; Nerin et al., 2000; Sharma et al.,
2014).

In spite of the lignocellulosic material present in RDF, there are significant differences between RDF
and biomass physical and chemical properties and consequently, these two feedstocks have different
thermal degradation characteristics (Zhou and Yang, 2015).

According to Whyte et al. (2015), during the pyrolysis of RDF, the heavy molecular tar fraction will
condense and solidify causing the formation of substances similar to waxes along the condenser, leading
to obstructions. On the other hand, the liquid product from the RDF pyrolysis, bio-oil, will be heavily
oxygenated and will have a low heating value, high viscosity, corrosiveness and thermal instability.
These undesirable characteristics are limiting to its valorization as a fuel.

One of the most important aspects in RDF pyrolysis is kinetic modelling, mainly because kinetic
data may affect the reactor selection, optimization of the reactor design and operating conditions at the
step of design and implementation (Cepeliogullar et al., 2016).

Grammelis et al. (2009) investigated pyrolysis and combustion behaviors of Tetra Pack, RDF and
fractions of each waste for a detailed comparison. The study consisted on devolatilization experiments
using a heating rate of 20 °C.min! until 1000 °C in an inert atmosphere, applying an independent first-
order reaction model to the obtained data. The RDF pyrolysis mechanism was modelled through four
independent reactions with first order, corresponding to the devolatilization of cellulose, hemicellulose,
lignin and plastics. The authors found that the higher plastic share in RDF resulted in lowered char yield
and reduced reactivity caused by the thermal stability of the plastics. Also, the wastes decomposed at
lower temperatures than their single components while the presence of paper or plastic accelerated RDF

pyrolysis.

Another central aspect of pyrolysis is the characterization of the obtained products. Hwang et al.
(2014) used three types of wastes as raw materials for pyrolysis and steam gasification in the temperature
range of 500-900 °C, and one of those wastes was RDF. The composition of the gas, liquid, and solid
products was analyzed as well as the carbon conversion of the raw materials to products. The quantity
of liquid products significantly depended on temperature rather than the type of thermal conversion. The
composition of the liquid products varied depending on the raw materials used at 500 °C, but polycyclic
aromatic hydrocarbons (PAHs) became the major compounds at 900 °C regardless of the raw material.
Almost all of the fixed carbon of the raw materials remained as solid products under pyrolysis conditions
whereas under steam gasification conditions it started to decompose at 700 °C. From the results of the
carbon balance for RDF, it was confirmed that carbon conversion to liquid products noticeably increased
as the amount of plastic increased in the raw material.

Efika et al. (2015) studied the pyrolysis of RDF in a horizontal tubular reactor, varying reaction
parameters like heating rate and final pyrolysis temperature of the sample, in order to assess the effects
of these parameters on product yields and compositions. The authors found that there was volatile deg-
radation at two temperature zones, that were similar to the degradation temperatures of cellulosic and
plastic content. Thus, the biomass and plastic contents of RDF could be roughly estimated by the anal-
ysis of volatiles degradation in its TGA and dTG thermograms. The increase in heating rate and final
temperature yielded more gas (with increased heating value), while the liquid and solid products were
reduced. The liquid from rapid pyrolysis was found to contain mostly aromatic compounds and the
liquid from slow pyrolysis was found to contain mostly alkanes, alkenes and oxygenated compounds.
The solid product from slow pyrolysis presented a slightly higher calorific value than the one from rapid
pyrolysis. In this work, the optimal RDF pyrolysis conditions for gas production corresponded to a rapid
pyrolysis at 800 °C with a long residence time. These conditions yielded a gas with a calorific value of
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24.8 MJ.m3, The authors concluded that these optimal conditions are easy to achieve through a fluidized
bed reactor with small and closely uniform RDF feed sizes, due to high heat transfer rates and good
mixing properties of this reactor, as well as better heat transfer properties of smaller sized particles.

The application of pyrolysis technology to MSW is quite promising and in some demand, as the
energy content of MSW can be extracted in the form of primary pyrolysis products including solids,
liquid and gas. Known and reported pyrolysis reactors include fixed-bed, rotary kiln, fluidized-bed and
tubular reactors, but only rotary kilns and tubular reactors are applied in scale-up facilities (Chen et al.,
2014; Efika et al., 2015). The yield and composition of the pyrolysis products are greatly affected by
the feedstock and, due to its chemical and physical characteristics, RDF is a better feedstock for this
thermal conversion process than MSW. MSW or RDF pyrolysis generally have very complex liquid
products that are oxygenated, needing upgrade before being considered an end-product. The produced
char usually presents a significant calorific value as well as the product gas. Pyrolysis presents the pos-
sibility of adjusting product yield and composition through its reaction parameters. Moreover, pyrolysis
presents itself as an effective WE conversion process, perhaps being the most versatile regarding the
flexibility of obtaining primary products.

2.3.4. Torrefaction and carbonization

Torrefaction, also known as mild-pyrolysis, corresponds to a thermal treatment that takes place at
operating temperatures of typically 200 to 300 °C in the absence of oxygen (Recari et al., 2017). This
process can greatly improve the physical, chemical and energy characteristics of different raw materials,
contributing to their homogenization, increasing their grindability, density, hydrophobic character and
gross calorific value while significantly reducing its volume (Chew and Doshi, 2011; Verhoeff et al.,
2011). Figure 2.3 shows the significant increase in homogeneity and volume reduction after submitting
an industrial RDF to torrefaction at 300 °C for 30 minutes.

T2 ©) W

Figure 2.3: Impact of torrefaction in homogeneity and volume reduction. (a) RDF as received, (b) RDF after tor-
refaction.

Carbonization is another thermal process used to upgrade solid fuels, that also occurs in an inert
atmosphere but at a higher temperature range than torrefaction (300— 500 °C), yielding a solid product
commonly designated by char (Qi et al., 2018). Although energy valorization is a major application of
carbonization char, this thermal process can also be seen as a pre-treatment before landfilling since the
carbonized RDF represents less environmental impacts related with the composition of landfill leachates
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(I H Hwang et al., 2007). Char consists mostly of carbon and inert material and presents an interesting
alternative to other carbonaceous materials and fossil fuels (Hwang and Kawamoto, 2010). Moreover,
char can also be used as an adsorbent or as a soil conditioner (Haykiri-A¢ma et al., 2017; Hwang and
Kawamoto, 2010; I H Hwang et al., 2007).

Chosen torrefaction or carbonization conditions (temperature and residence time) are pivotal for the
characteristics of the final product. Typically, temperatures above 300 °C yield chars with substantial
ash content, they favor volatilization of a larger proportion of carbon and the formation of PCDD/Fs. At
low temperatures (around 200 °C) there are no significant physical changes of the raw material regarding
density or homogeneity. But between 200-300 °C, water is volatilized and functional groups at the
surface of the raw material are eliminated, causing permanent changes in the structure and properties of
the torrefied materials (Nobre et al., 2019a). The decrease in the O/C ratio, increase in the hydrophobic
character, enhanced heating value and increase in density are relevant modifications for the storage and
final use of these fuels (Prins et al., 2006a; Schipfer et al., 2017; Stelte, 2012).

Furthermore, a characteristic mass and energy balance for torrefaction (of lignocellulosic biomass)
is that 70 % of the mass is retained as char, containing 90 % of the initial energy content. And the other
30 % of the mass is converted into torrefaction gas, which contains around 10 % of the biomass energy
(van der Stelt et al., 2011). A typical mass and energy balance for the torrefaction process of willow
wood is presented in Figure 2.4 (Clausen, 2014).

A 0.872kg
»  Char
Lke , 17085 (= 209) kJ
Wood Torrefaction reactor
17630 (= 240) kJ 250°C
30 minutes
0.128kg
» Volatiles
,_\ 632kI
Q
87 (£ 449)kJ
B 0.668kg
> Char
Lkg ) 14213 (= 160) kJ
Wood Torrefaction reactor
17630(x240) kJ 300°C
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0.332ke
» Volatiles
i 3541KJ
Q
124 (= 400)kJ

Figure 2.4: Mass and energy balances for the torrefaction of willow wood at different conditions: A — 250 °C for
30 minutes; B —300°C for 10 minutes (adapted from Clausen (2014)).

Waste derived char is being studied as an alternative fuel mainly because of its higher quality and
better fit as a substitute in existing coal-fired power plants, presenting itself as an interesting alternative
to other carbonaceous materials and fossil fuels (Hwang and Kawamoto, 2010; Vassilev et al., 1999).
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Research on RDF torrefaction or carbonization is mainly focused on RDF char characterization or
fuel upgrading for application in advanced thermal conversion processes, such as gasification.

Biatowiec et al. (2017) tested RDF torrefaction at different temperatures and found that the process
could reduce moisture content about 21.5 %, consequently increasing the lower heating value (LHV) by
22.5 %. The authors concluded that this method could increase the attractiveness of RDF as a fuel while
homogenizing RDF characteristics for market purposes.

Torrefaction as a way to improve SRF properties in order to optimize its use in gasification was
studied by Recari et al. (2017). The authors applied torrefaction temperatures of 290 and 320 °C and
verified that torrefied SRF showed improved gasification parameters, such as lower tar, higher carbon
conversion and higher H,/CO ratio. Moreover, torrefaction reduced the chlorine content in SRF leading
to lower HCI concentrations in the producer gas.

Evaluation of toxic emissions is a major concern in the evaluation of waste derived fuels. As such,
Edo et al. (2017) assessed the emissions of the torrefaction process in different wastes, including RDF.
This work showed that the chars had reduced chlorine concentrations, which implied a reduction in the
potential for PCDD/Fs formation, and this was experimentally demonstrated by combustion of the tor-
refaction gas. This study reinforces the concept that applying the torrefaction process to waste fuels can
significantly reduce the environmental impacts of their energetic valorization.

The properties of RDF char obtained through carbonization were investigated by Haykiri-A¢ma et
al. (2017). Carbonization was carried out in a temperature range of 400-900 °C. According to the results,
effective devolatilization of RDF requires carbonization temperatures not lower than 500 °C. The in-
crease in carbonization temperatures not only leads to a decrease in volatile content, but also to a loss in
calorific value. The ash content also increases very significantly with temperature, exceeding the in-
crease in fixed carbon. Conversely, the burning reactivity of the chars decreased when compared to raw
RDF and as such, the ignition and burning temperatures reached considerably high values. The authors
concluded that RDF carbonization should not be done in temperatures above 400 °C. At this temperature,
around half of the oxygen content can be removed, there is a significant increase in fixed carbon and the
calorific value of the RDF chars reached their maximum value.

The study of RDF torrefaction was performed by Stepien and Biatowiec (2018). The authors used
RDF derived from MSW in order to determine its torrefaction kinetic parameters and to assess the effect
of temperature and residence time on the fuel properties of the produced char. Their tests were conducted
in the temperature range of 200 to 300°C, and residence times were 20, 40 and 60 minutes for each
temperature. The authors calculated activation energy (200-300°C) around 3.71 kJ.mol™. Also, they
state that the torrefaction process had a positive effect on reducing moisture content of the RDF from
17 % to 1 %, describing that as the temperature and retention time of the torrefaction process increased,
the material degassed significantly, resulting in an increase in the ash content of the product. Best HHV
for RDF char was obtained at 260 °C for 20 minutes with a value of 26.22 MJ.kg™.

Besides RDF char production for energy purposes, these chars are also used for other applications,
namely their use activated carbon precursors for adsorption applications.

Nakagawa et al. (2002) prepared activated carbons from carbonized RDF at 773 K (cRDF) by steam-
activation. This work encompassed testing different heating rate conditions for the carbonization and
also different pre-treatments for the cRDF such as treatment with nitric acid or hydrogen chloride. The
prepared activated carbons showed significant surface areas and the authors found that these carbons
were effective for a practical use.

Buah and Williams (2010) produced RDF char through pyrolysis and activated the produced char
via steam gasification at 900 ° C for 3 h, giving 73 wt.% vyield in activated carbon. The produced acti-
vated carbon had a surface area of 500 m?.g™ and a total pore volume of 0.19 cm 3.g™%. Gold adsorption
capacity was found to be 32.1 mg.g™* and was comparable to commercial activated carbon used in the
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gold industry. The authors further demineralized the RDF activated char which resulted in improved
textural properties but also in a reduction of adsorption capacity.

The application of RDF char (carbonized at 600 °C and steam activated at 900 °C) as an adsorbent
for dioxins and furans (PCDD/F) was studied by Hajizadeh and Williams (2013). These experiments
were conducted under flue gas stream at 275 °C using standard fly ash as a source of PCDD/F. The
results showed a reduction of 85 % and 43 % on PCDD and PCDF concentrations in the flue gas, and
the obtained values were comparable with commercial activated carbon.

Another work regarding activation of RDF char was executed by Wu et al. (2014). The authors pro-
duced porous activated carbons from RDF through NaOH activation, giving surface areas of 898 and
1461 m2.g*t for NaOH/char weight ratios of 1 (RDFN1) and 2 (RDFN2), respectively. The chars were
tested for their adsorption capacities regarding 4-chlorophenol, acid blue and MB. The authors found
the pseudo-second-order equation best described adsorption of 4-chlorophenol and acid blue onto
RDFNZ2, whereas Elovich equation fitted the adsorption of three adsorbates onto RDFN1.

The use of RDF char as an adsorbent without activation processes is not very well documented.
Nevertheless, the use of biomass wastes or biochars as low-cost adsorbents is thoroughly represented in
the literature, namely, biomass wastes such as wheat shells (Bulut and Ayd, 2006), almond-gum
(Bouaziz et al., 2015), waste seeds (Postai et al., 2016), lotus leaf (Han et al., 2011), prickly pear (Barka
et al., 2013) or garlic straw (Kallel et al., 2016). Regarding biochars as adsorbents there are reports on
different waste materials (Lonappan et al., 2016), sewage-sludge (Fan et al., 2017) or seeds (Bharti et
al., 2019).

Laboratory scale studies for removal of coloring material from wastewater using RDF (without ther-
mal pre-treatment) as an adsorbent were performed by Vanjara (1998). The results showed that RDF
has considerable potential over a wide range of concentrations of methylene blue (MB). The author
studied the effect of different system variables on the adsorption of MB onto RDF and found that in-
creasing the rate of agitation increased dye adsorption rate, while larger particle size decreased adsorp-
tion rate. Furthermore, the adsorption of MB onto RDF did not seem to be affect by pH variations, since
it was around 98 % for the tested pH range. Higher adsorption capacities were found at 50 °C with 109
mg.g?, and the author states that the adsorption process was predominantly ruled by the intraparticle
diffusion mechanism and that equilibrium time was very low.

Other applications of char produced from RDF found in the literature are its use in carbon fuel cells,
or its application in restoring seaweed forests.

Ahn et al. (2013) investigated RDF and RPF (refuse plastic/paper fuel) for their electrochemical
characteristics, in order to evaluate these fuels as energy sources for a direct carbon fuel cell system.
The authors observed that the power density of the used refuse fuels reached values up to 43-62 % when
compared to the coals used for comparison. These results were important given that the refused fuels
presented significantly low carbon and a substantial volatile matter content.

Togashi et al. (2007) developed carbonized RDF (CRDF) and found that the new material was rich
in nitrogen, phosphoric acid and potassium and that it presented a large surface area (140 m2.g™*) reveal-
ing that CRDF had potential as fertilizer as well as an adsorbent. The authors tested the possibility of
using CRDF to restore damaged seaweed forests. During the tests it was confirmed that there was no
leaching of toxic substances from CRDF and that the growth of a species of marine green algae
(Derbesia tenuissima (Moris et De Notaris) Crouan) was accelerated by this material. Furthermore, the
results showed that CRDF could supply nitrogen to seawater in the form of nitrate. The authors state
that this work had two main advantages: the recovery of biodiversity in coastal ecosystems by restoring
seaweed forests and also the reduction of atmospheric CO, released to the atmosphere through waste
incineration.

Both torrefaction and carbonization carried out in optimal conditions represent a way to produce
upgraded RDF chars that have a significant heating value, lower moisture content and high density.
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These new characteristics allow this char to be used not only as a solid biofuel but as an adsorbent or as
an activated carbon precursor. If the energetic or material valorization pathways are not available for
this material, it will also present advantages when landfilled mainly due to its lower volume when com-
pared to the untreated RDF. The choice of the temperature operating range will mainly depend on the
RDEF initial composition, being that torrefaction can be more adequate for RDF with high contents of
lignocellulosic materials while carbonization leads to better results for RDF with a large polymeric frac-
tion (Nobre et al., 2019a).

2.3.5. Hydrothermal carbonization

In order to achieve a good conversion in torrefaction or carbonization (dry processes), the raw mate-
rial should have a low moisture content, which usually involves a previous drying step. Drying the
feedstock is generally very energy demanding. For raw materials with significant moisture content, hy-
drothermal carbonization (HTC) represents a more feasible alternative as a conversion process
(Matsakas et al., 2017; Wang et al., 2018a).

HTC as an artificial coalification process was first discovered by Bergius in 1913 and has been stud-
ied with different feedstocks throughout the years, being referred to by different names, such as wet
torrefaction, subcritical water treatment or hydrothermal treatment (Berge et al., 2011; Matsakas et al.,
2017; Wang et al., 2018a)

In the HTC process, the feedstock is mixed with water and heated to temperatures above 100 °C and
bellow 374 °C, during variable residence times (from 30 minutes to several hours) and under autogenous
pressure (Lucian et al., 2018; Ayoub Missaoui et al., 2017; Zhai et al., 2017). When the reactor is main-
tained above water saturation pressure, at the operating temperature, water is kept in the liquid state and
is said to be in a subcritical state (Kumar et al., 2018). At these conditions (100°C < T <374 °Cand 1
bar < P <221 bar), subcritical water presents an increased capacity to act as an hydrolytic and oxidation
agent, when compared with liquid water (Hwang et al., 2012) (see Figure 2.5).
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Figure 2.5: Water phase diagram (adapted from Kambo and Dutta, 2015).

Higher reactivity is facilitated by the decrease of water’s dielectric constant and density, that occurs
in this range of temperatures and pressures and enables a more efficient mixing with organic compounds.
Coming closer to the critical point, the dielectric constant becomes similar to that of dichloromethane,
and consequently the miscibility of subcritical water with organic liquids increases with increasing
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temperature and pressure (Areeprasert et al., 2016). On the other hand, subcritical water is a more effi-
cient catalyst for hydrolysis or oxidation reactions than liquid water also because the concentrations of
Hs;O* and OH- ions increase with increasing temperature and pressure (Wang et al., 2018a). Thus, during
HTC, the feedstock undergoes a series of simultaneous reactions, such as hydrolysis, dehydration, de-
carboxylation, aromatization and re-condensation (Areeprasert et al., 2016; Berge et al., 2011; Liet al.,
2013), as seen in Figure 2.6.

Hemicellulose Cellulose Lignin
Pentoses Hexoses Polysaccharides ‘
N : |
Dehydration S Catechol

1
i Furfurals
]
E ' Aromatization
]
]
]

)
: ¥
Benzene
¥

Liquid Fragments of
Bioacromolecules “Biocrude”

Solid-Solid Reactions

--I*-----——

~

Reforming @l Hydrogenation

Polymerization

—— Reactions Fraction |

- === By-products Fraction n

Figure 2.6: Main reaction pathways in biomass hydrothermal carbonization (Shen et al., 2017).

Overall, HTC yields three major products: a solid (hydrochar), process water and, in some cases, gas
(mainly COy). The process can also lead to byproducts with the potential to be used for power generation
and to the recovery of added value compounds or useful nutrients (Kumar et al., 2018).

Hydrochar is generally the major product and it has higher hydrophobic properties and carbon con-
tent than the original feedstock. Applications of hydrochar include energy production (Lee et al., 2018;
Lin et al., 2015; Mihajlovi¢ et al., 2018; Park et al., 2018; Saqib et al., 2018), soil amendment (Puccini
et al., 2018; Ren et al., 2017), catalyst (Sun et al., 2008), adsorbent (Li et al., 2018; Qian et al., 2018;
Shi et al., 2018; Xue et al., 2012) or activated carbon precursor (Puccini et al., 2017). Regarding the
two last described applications, hydrochars contain less aromatic carbon when compared to regular chars
produced via carbonization, having an increased cation exchange capacity because of their higher con-
tent in surface functional groups containing oxygen and hydrogen (Matsakas et al., 2017).

Over the last few years, a considerable number of works have been conducted regarding HTC of a
wide array of feedstocks, such as food wastes, various lignocellulosic wastes, sludges or MSW.

Nakason et al. (2018) studied the HTC of cassava rhizome, by assessing the effects of temperature,
time and biomass-to-water ratio on the produced hydrochars and liquid fractions. The authors described
that the effect of temperature was two-fold since it decreased hydrochar yield between 160 °C and 180
°C (from 54 % to 51 %), but between 180 °C and 200 °C the hydrochar yield increased up to 58 %.
Hydrochars consistently presented lower H/C and O/C, representing better fuel properties. The authors
also state that the obtained liquid fractions had various valuable chemical species such as glucose, furan
derivatives, acetic acid or levulinic acid, with noteworthy yields (18.5 wt.% for furan derivatives, for
example).
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HTC of grape pomace was done by Petrovic et al. (2016), including the detailed characterization of
hydrochar and process water. The study was conducted between 180-220 °C and it revealed that the
hydrochar obtained at 220 °C exhibited a considerable energetic potential, increased porosity and re-
adsorption ability. Furthermore, process temperature increment caused a decrease in antioxidant capac-
ity, anthocyanin and organic acid contents in process water whilst increasing total phenolic and individ-
ual organic components content. The authors concluded that the obtained results substantiated the suit-
ability of hydrothermal conversion of grape pomace into highly valuable fuels and versatile products.

Anaerobic granular sludge was used as a raw material in hydrothermal carbonization by Yu et al.,
(2018), by investigating different temperatures (160 to 240 °C) and assessing the distribution of carbon,
nitrogen and phosphorous in the hydrothermal products. The obtained hydrochars showed increased
percentages of carbon (from 43.79 % to 49.81 %) with the increase in HTC temperature. Nitrogen
showed an opposite trend decreasing from 9.58 % to 5.49 %. The authors also declare that the hydro-
chars presented increased HHV reaching a maximum of 24 MJ.kg? at 240 °C. HTC also proved to be
effective in immobilizing and recycling phosphorus.

Anthraper et al. (2018) did laboratory-scale HTC on MSW in order to study its effect on reducing
solid content and recovering value. The authors selected materials like plastics, timber, tires, cardboards,
and sanitary items and carried out HTC tests at a temperature range of 240-280 °C with an initial pressure
of 35 bar. The authors verified a substantial solid reduction through the wet oxidation which broke down
the physical structure of the waste materials. At 280 °C, more than 90 % of total suspended solids were
reduced and at least 1500 mg.L* of acetic acid was produced for each individual material. The authors
also tested a mixture of materials in order to represent a non-recyclable municipal solid waste stream,
and this feedstock produced around 2930 mg.L™* of acetic acid.

Food waste, due to some of its properties, like significant moisture content, is a very promising
feedstock for HTC. It is a highly energetic biomass that has very expensive and long recycling and
disposal processes. As such, Tradler et al., (2018) studied the feasibility of a decentralized, small-scale
HTC plant using food waste. Restaurant food waste was thermally treated at 200 °C for 6 h, yielding a
hydrochar with high-quality that had fuel properties similar to those of lignite with the potential to be
used for co-combustion. Also, the authors successfully treated the liquid phase with ultraviolet radiation
minimizing the total organic carbon and chemical oxygen demand which will facilitate conventional
disposal. The authors claim that this type of HTC plant would pay for itself, and start generating profit
within eight years.

HTC was used as a mean to process MSW and reclaim aluminum by Mu’min et al. (2017). The
authors used a 2.5 L reactor at temperatures below 200 °C. The processed mixed waste was converted
into two different products: a mushy organic part and a bulky plastic part. Through mechanical separa-
tion, the two products were separated and the separated plastic fraction showed a calorific value of
approximately 44 MJ.kg?, which can justify its use as an alternative fuel. The authors also assessed that,
by using an additional acetic acid concentration of 3 %, the non-recyclable plastic fraction of laminated
aluminum was delaminated and separated from its aluminum counterpart at a temperature of 170 °C
leaving less than 25 % of the plastic content in the aluminum part. Plastic products from both samples
had high heating values of more than 30 MJ.kg?, which is sufficient to be converted and used as a fuel.

Lokahita et al. (2017) proposed the application of the HTC process in Tetra Pak recycling by pro-
ducing a solid fuel and recovering the aluminum and polyethylene composites. The experiment was
conducted at the three different residence times (from 0 to 60 min) and temperatures between 200 and
240 °C. The results showed that HTC could effectively produce hydrochar, that was comparable to sub-
bituminous coal after removal of the aluminum, and the process could also yield well-formed aluminum
and polyethylene composites. Residence time and temperature had a positive influence on several prod-
uct characteristics, such as carbon content and HHV, that had significant increases, and ash content that
decreased accordingly. The authors found the highest calorific value for the transformed Tetra Pak at an
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operating temperature of 240 °C and residence time of 60 min (25.22 MJ.kg™?), while the aluminum
yield was as much as 37 %.

Kim et al. (2017) studied the hydrothermal conversion of model MSW to hydrochars and observed
that the properties of the feedstocks were significantly improved by the process, yielding coal-like fuel
products. The authors state that the hydrothermal treatment increased calorific value, fixed carbon and
carbon contents and the obtained hydrochars had compositions and fuel properties similar to lignite or
sub-bituminous coal.

Hydrothermal treatment of a model MSW with subcritical water at 234 or 295 °C, and using a solid-
to-water ratio of 1:3 (m/v) produced hydrochars with improved fuel properties and was conducted by
Hwang et al. (2012). The model MSW (mixture of paper, dog food, wood wastes, mixed plastic film,
polyethylene, polypropylene, polystyrene) was added with controlled amounts of polyvinyl chloride or
sodium chloride to test the behavior of organic and inorganic chlorine during the process. The authors
assessed that around 75 % of the carbon content of the organic fraction was recovered as hydrochar
under both conditions, but the polymeric fraction was not fully degraded. Calorific values of the hydro-
chars were enhanced comparatively to the MSW feedstock, achieving values comparable to those of
brown coal and lignite. Nevertheless, more than 70 % of the chlorine present in the raw materials, re-
mained in the hydrochars after the process either for organic chlorine added as PVC or inorganic chlo-
rine added as sodium chloride. Washing the hydrochars with distilled water at a 1:10 (m/v) ratio caused
the release of a fraction of the char-adsorbed chlorine but the process had different efficiencies for or-
ganic and inorganic chlorine. When chlorine was added as sodium chlorine, the recovery efficiency of
the water washing process was between 92 and 100 %, regardless of HTC process temperature. Organic
chlorine added as PVC was differently retained in the hydrochars, depending on the temperature of the
HTC process: for the hydrochars produced at 234 °C, water leaching allowed the recovery of 10 to 53
% of the retained chlorine while for the hydrochars obtained at 295 °C, chlorine recoveries from 89 to
100 % were obtained.

Berge et al. (2011) performed hydrothermal carbonization of different feedstocks, including mixed
MSW and evaluated physical, chemical, and thermal properties of the produced hydrochars. The authors
indicate that around 49 to 75 % of the initial carbon was retained in the hydrochar, 20 to 37 % was
transferred to the process water and 2 tol1 % transitioned to the gas phase. The authors determined the
composition of the hydrochars and concluded that dehydration and decarboxylation were the governing
reactions during the HTC process yielding hydrochars with a significant degree of aromaticity.

Polyvinyl chloride (PVC) was subjected to hydrothermal carbonization in subcritical water at 180—
260 °C by Poerschmann et al. (2015). The authors assessed that dehydrochlorination increased with
increasing reaction temperature and that chlorine release was almost quantitative above 235 °C. The
organic carbon recovered in the produced hydrochar decreased with increasing operating temperature
from 93 % at 180 °C to 75 % at 250 °C. Regarding the process water, the authors detected a significant
variety of PAHSs, but their combined concentration was only 140 pg.g* at 240 °C. Chlorinated hydro-
carbons, which included chlorophenols, could only be identified at trace levels and PCDD/Fs could not
be detected. This work provided evidence that the application of HTC to household organic wastes is an
environmentally sound process regarding formation of toxic organic products.

The work of Poerschmann et al. (2015) leads to one of the most important features of the HTC
process. It can enable the release of organic chlorine up to 235 °C. In energetic applications this is a very
important characteristic, since it relates directly with the potential for reducing corrosion phenomena
and dioxin formation (Hwang et al., 2012; Singh Kambo and Dutta, 2015).

HTC process water contains a large array of dissolved organic compounds and inorganic salts result-
ing from the degradation of the feedstock during the process. Generally, HTC process water has very
substantial chemical oxygen demand (COD), biochemical oxygen demand (BOD) and total organic car-
bon (TOC) values and an acidic pH (Berge et al., 2011).
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For lignocellulosic biomass, the inorganic component of HTC process water comprehends the typical
mineral components of biomass, namely alkali and alkali-earth metals, phosphorous, sulfur and iron
(Kambo et al., 2017; Kambo and Dutta, 2015). The presence of these metals in the process water indi-
cates a reduced ash content in the hydrochar comparing to the original feedstock. In the HTC process,
the formation of acetic acid in the liquid by-product stream, leads to an acid solvation mechanism that
can solubilize and leach out the inorganic components of the feedstock, reducing the overall ash content
of the solid product, which is a clear advantage over regular torrefaction or carbonization (Singh Kambo
and Dutta, 2015).

HTC process water mostly contains phenolics, organic acids or furan derivative compounds. Of
course, the existence and distribution of these compounds depends on the process conditions and on the
type of feedstock. Some of the most interesting compounds found in HTC process water are acetic acid,
formic acid, glycolic acid, levulinic acid and 2,5-hydroxymethylfurfural (HMF) (Kambo and Dultta,
2015). Depending on the concentration of these compounds, their recovery and subsequent valorization
can be a sustainable approach on managing HTC process water.

The amount of process water is seen as a major drawback of this process, and many authors have
suggested solutions regarding its utilization or remediation. Kambo et al. (2017), Catalkopru et al.
(2017) and Mékelé et al. (2018) suggested process water recirculation as a way to manage this contam-
inated effluent. The experiments show that the mass and energy yields of the hydrochar increased as
well as the hydrochar high heating value. Nevertheless, the process water reaches very high organic
loads with successive utilizations, eventually affecting the quality of the hydrochar.

Anaerobic digestion is also presented as a solution for HTC process water, fitting perfectly in a cir-
cular economy concept. Wirth and Mumme (2013) investigated anaerobic digestion of HTC process
water using maize silage. The conducted experiment showed COD and TOC degradability up to 75 and
54 %, respectively. The authors also stated that the degradation was relatively fast when compared to
the digestion of conventional organic wastes and that there was no inhibition except for volatile fatty
acids.

Lu et al. (2014) suggested the use of different moisture sources in the HTC process in order to im-
prove process sustainability. The authors studied the application of liquid waste streams, for instance,
landfill leachate, and they evaluated how changes in pH, ionic strength, and organic carbon content of
the initial process water influenced cellulose carbonization. The obtained results indicated that changes
in initial water quality do influence time-dependent carbonization product composition and yields, sug-
gesting that using municipal and industrial wastewaters, with the exception of streams with high CaCl,
concentrations, may impart little influence on final carbonization products.

Given the simplicity of the process, the elimination of a drying step, the production of an energy
dense hydrochar and recoverable compounds in the aqueous phase, HTC has been considered as the
most promising and effective thermochemical upgrading technology for biomass wastes, as well as for
MSW (Lin et al., 2017). In spite of all the benefits of this thermochemical conversion process, the scale-
up of an HTC process could be challenging. There are certain issues, such as the operating pressures,
continuous feeding against pressure, efficient heat recovery and the process water management that can
turn the scale-up step into a very complex, dangerous and expensive operation (Singh Kambo and Dultta,
2015).
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2.4 Final considerations

Production of waste derived fuels represents an opportunity to use the energy contained in wastes.
This can be done not only in energy intense industry branches like cement production but also in co-
incineration and specialized installations.

Production potential as well as utilization of waste derived fuels in Europe has been quickly rising,
bringing assessable economic and environmental outcomes such as a significant reduction in CO, emis-
sions and fossil fuel savings. Thus, and according to the European guidelines concerning waste man-
agement, production of RDF or SRF should be one of the basic elements of the integrated waste man-
agement system.

Currently these solid fuels have to comply with the tough quality standards from CEN/TC 343, none-
theless, they are still regarded as wastes and it is still difficult to acknowledge the difference between
different designations of waste derived fuels such as RDF or SRF. This label limits the interest from the
power sector and giving the reduction and restrictions in landfill depositions, there is an urge to classify
SRF/RDF as a product. This could be achieved by introducing proper economic incentives for users and
producers.

As for RDF energy recovery, combustion is the most well-established thermal conversion process
for waste and waste derived fuels and is already steadily used throughout Europe. Gasification seems to
be the most promising advanced thermal application for RDF, being that this fuel can produce good
quality syngas. Nevertheless, the thermal applications using RDF still have room for improvement and
many of the research focuses on different reactor conformations, different RDF typologies and compo-
sitions, kinetics or reaction conditions in order to optimize processes and yield better quality products.
Improving RDF physical and chemical properties in order to optimize its application as fuel is being
further investigated and torrefaction, carbonization, pyrolysis and hydrothermal carbonization present
significant potential as thermal upgrading tools for raw materials with a high degree of complexity such
as RDF. Furthermore, improving energy recovery whilst adding material value to RDF is also an ex-
panding area, where the char produced from the upgrading pre-treatments can also be used for soil
amendment or as an adsorbent to extract valuable compounds and for remediation purposes, by remov-
ing heavy metals or dyes.

Thermochemical conversion processes for RDF upgrading can represent a whole new perspective
for these waste derived fuels. Problems like compositional variability, high moisture content and low
calorific value, that make RDF less attractive for energy production, could be overcome by applying a
thermal pre-treatment. These pre-treatments would avoid large amounts of RDF being landfilled and
justify RDF production and its utilization.
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Upgrading of RDF through torrefaction and carboniza-

tion: evaluation of RDF char fuel properties

Abstract

Refuse derived fuel (RDF) is produced in large amounts but its heterogeneous nature and low calo-
rific value reduce the potential for energetic valorization of this material. In this work, the torrefaction
and carbonization of RDF was studied in a temperature range of 200 to 400 °C and residence times from
15 to 60 min, yielding chars with increased density, high heating value (HHV), carbon content, ash
content and fixed carbon. Leaching experiments showed that some inorganic components like calcium
or chlorine could be removed from the RDF char, upgrading its fuel quality. For temperatures in the
torrefaction range (200 °C and 250 °C), energy yields were higher than 96.3 % and process energy effi-
ciencies were higher than 85 %, but the HHV of the RDF chars were lower than 19.4 MJ.kg™. In the
carbonization range (300 °C to 400 °C) it was possible to obtain RDF chars with HHV in the range of
20.1 to 26.2 MJ.kg*, with energy yields from 84.5 to 91.7 % and process energy efficiencies from 70.8
to 79.2 %. The obtained results showed that thermochemical processing can be used to upgrade RDF,
thus promoting sustainable solutions for its management and valorization.

Keywords: RDF; Torrefaction; Carbonization; RDF char; Leaching behavior.

3.1. Introduction

As established in Chapter 2, RDF contains a large diversity of components, from cardboard to textiles
and non-recyclable plastics, as well as several unidentifiable materials (Brés et al., 2017). This hetero-
geneity can negatively influence the properties of RDF, decreasing density and calorific value and in-
creasing moisture, ash and chlorine contents, thus limiting their application in thermochemical conver-
sion processes (Edo et al., 2017). Fuels with high chlorine and ash contents are known to cause slagging
and fouling phenomena as well as boiler corrosion (Silva et al., 2014). High chlorine contents are also
associated with problematic emissions such as HCI and PCDD/Fs (Chyang et al., 2010).

Torrefaction or carbonization are thermal conversion technologies that may enhance some of the
RDF fuel characteristics, by modifying its composition and heating value. In these processes, organic
matter is heated in a non-oxidizing atmosphere, usually at atmospheric pressure, in temperature ranges
from 200 °C to 300 °C for torrefaction and from 300 °C to 500 °C for carbonization (Qi et al., 2018;
Wang et al., 2017). The solid product obtained in these processes (char or biochar) contains most of the
carbonaceous and mineral components of the raw materials, while the gaseous products are mainly com-
posed of water, CO,, CO and several organic compounds, formed and released during the process (Bach
etal., 2017; Hwang and Kawamoto, 2010; Stepien and Biatowiec, 2018). Generally, torrefaction biochar
presents around 70 wt.% of the original mass and can retain up to 90 % of the initial energy content
from the feedstock properties that account for their higher energy density (van der Stelt et al., 2011).
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The efficiency of these processes and the characteristics of their final products are affected by several
parameters, such as temperature, residence time, heating rate, atmosphere composition, and reactor con-
figuration (Ribeiro et al., 2018). In particular, temperature and residence time strongly impact feedstock
decomposition and reorganization of its physical structure. According to Prins et al. (2006a, 2006b),
temperature is crucial for the kinetics of the torrefaction reaction, whereas residence time is more im-
portant for process characteristics, albeit only for certain temperature ranges. Overall, the characteristics
of the final products are more affected by temperature than by residence time.

In biomass feedstocks, hemicelluloses are extensively volatilized between 250 °C and 260 °C, while
cellulose and lignin decompose at temperatures above 300 °C (Eseyin et al., 2015; Tumuluru et al.,
2011; van der Stelt et al., 2011). For the particular case of RDF torrefaction or carbonization, the plastic
component also has to be considered. Polymers such as polyethylene terephthalate (PET), polypropylene
(PP), polystyrene (PS) or polyvinyl chloride (PVC) are some of the most commonly found in RDF
(Cozzani et al., 1995; Lin et al., 1999). When considering blends of plastics and biomass, there are
synergistic effects to be taken into account (Han et al., 2014; Oyedun et al., 2014). Plastic material
pyrolytic decomposition occurs at different temperature ranges depending on the type of polymer, for
instance PV C decomposes between 250 °C and 320 °C (Lopez-Urionabarrenechea et al., 2012), whereas
PET, PP and PS begin their decomposition above 350 °C (Lépez et al., 2011).

Torrefaction has been largely applied to lignocellulosic materials yielding homogeneous biochars
with lower moisture content, higher calorific values, lower O/C ratios, higher hydrophobicity and en-
hanced grindability when compared with the original biomass (Chen et al., 2015b; da Silva et al., 2017,
Qietal., 2018; Yuan et al., 2015).

Throughout the years, few research groups have investigated, specifically, torrefaction or carboniza-
tion of RDF, but some examples can be found in the literature namely, evaluation of carbonization as a
pre-treatment before landfilling (Hwang and Matsuto, 2008), characterization of the waste derived chars
(Hwang et al., 2007), determination of kinetic parameters of RDF torrefaction (Stepien and Biatowiec,
2018), use of carbonized RDF for soil amendment (Tagoe et al., 2008), valorization of waste derived
char as precursor for activated carbon production (Buah and Williams, 2010; Hajizadeh and Williams,
2013; Nakagawa et al., 2004), determination of the effect of torrefaction temperature on the properties
of RDF chars (Biatowiec et al., 2017), evaluation of toxic emissions (heavy metals and organic pollu-
tants) resulting from RDF torrefaction (Edo et al., 2017) or other applications (Togashi et al., 2007).

The main goal of this chapter was to test torrefaction and carbonization of RDF produced from non-
hazardous industrial wastes, at different temperatures and residence times, in order to define which con-
ditions yield RDF chars with enhanced fuel properties. The energy yield and energy efficiency of the
torrefaction and carbonization processes were also evaluated in order to determine their sustainability
as RDF pre-treatment technologies.

3.2. Materials and methods

3.2.1. Raw material

A sample of industrial refuse derived fuel (RDF) was supplied by CITRI, S.A., a waste management
company located in Settbal, Portugal. This company collects industrial wastes, recycles the fractions
that can be valorized as raw materials and converts the remaining fractions into RDF in a mechanical
treatment (MT) plant. RDF production in this MT unit consisted on a series of unit operations for sepa-
ration and size reduction until reaching a final product with an average size < 30 mm. A schematic
representation of the RDF production line is represented in Figure 3.1.
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Figure 3.1: Flow chart for the production line of the RDF used in this work.

For sampling purposes, the quartering technique was used to reduce sample size at the RDF storage

unit. Initial RDF lot mass was 400 kg and quartering was repeated until the gross sample reached 50 kg.
The RDF sample had a very heterogeneous composition, as seen in Figure 3.2.

Figure 3.2: RDF sample used in this work, as received.

The different materials composing this RDF lot and consequent gross sample were assessed through

manual sorting. Briefly, three sub-samples of 1 kg were manually separated in their components. The
distribution of different components is detailed in Table 3.1.
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Table 3.1: Identification of different RDF components through manual sorting. Average values are expressed as
weight percentage, as received.

RDF component Amount (wt.%, ar?)
Plastics 22.2
Lignocellulosic wastes 29.5
Paper and cardboard 12.6
Textiles 9.9
Hard rubber and cigarette buds 0.6
Miscellaneous particles > 500 pm 225
Miscellaneous particles < 500 pm 2.7

aar, as received basis.

3.2.2. Torrefaction and carbonization experiments

Temperature and residence time are determining process parameters regarding the characteristics of
the final product. As such, for the experimental design, three temperatures were chosen in order to rep-
resent torrefaction (200, 250 and 300 °C) and higher temperatures (350 and 400 °C) accounting for
carbonization.

Torrefaction and carbonization tests were performed based on the works conducted by Wilk et al.
(2016) and Correia et al. (2017). Briefly, thermal conversion was carried out in covered porcelain cru-
cibles under oxygen deficient conditions using a muffle furnace (Nabertherm® L3/1106). Prior to each
experiment, the muffle was equilibrated at the target torrefaction temperature. Firstly, the crucibles and
lids were fired empty at the chosen temperatures and cooled to room temperature in a desiccator and
weighed. In each experiment, approximately 10 g of RDF were further milled into a fluff form (DeLon-
ghi mill), transferred to the 50 mL porcelain crucibles, covered with their corresponding lids and heated
at the target temperatures for the designated residence times. After each test, the crucibles were left to
cool to room temperature in a desiccator and weighed.

For each combination of temperature and residence time, the torrefaction or carbonization assays
were repeated ten times and the char samples obtained for each condition were combined, milled, sieved
with a 500 um screen (Retsch) and stored in dry conditions until further analysis.

The RDF char samples were coded with “CT/t” where “T” represents operating temperature and “t”
represents residence time. For example, sample “C200/15” represents the RDF char produced at 200 °C
for 15 min.

3.2.3. RDF and RDF char characterization

Moisture, volatile matter and ash contents were determined gravimetrically according to the proce-
dures described in ASTM 949-88, 897-88 and 830-87, respectively. Fixed carbon was determined by
difference, on a dry basis (db).

Elemental analysis (CHNS) was performed using an elemental analyzer (Thermo Finnigan — CE
Instruments Model Flash EA 112 CHNS series). Oxygen content was obtained by difference, on a dry
ash free basis (daf).

Apparent density (g.cm™) of the RDF and RDF chars was determined gravimetrically.

High heating values (HHV) of the raw RDF and the RDF chars were calculated using a correlation
established by Nhuchhen and Afzal (2017) based on ultimate composition data:

HHV(MJ.kg™1,db) = 32.7934 + 0.0053C2 — 0.5321C — 2.8769H + 0.0608CH — 0.2401N Equation 3.1

34



Chapter 3: Upgrading of RDF through torrefaction and carbonization: evaluation of RDF char fuel properties

where, C, H and N are the carbon, hydrogen and nitrogen contents, expressed in wt. %, db. Lower
heating value (LHV) was determined according to the equation 3.2:

LHV (M].kg™,db) = HHV — 2.26 — Equation 3.2

where 2.26 MJ.kg™ represents the latent heat of water evaporation.

Mineral composition of the RDF and RDF chars was determined by X-Ray fluorescence (Nilton XL
3T Gold++).

Base-to-acid ratio (B/A), and fouling ratio (Fu), were used as slagging and fouling potential indexes,
respectively. These parameters were determined according to the empirical relations described by Akdag
et al. (2016) and Park and Jang (2011), as follows:

F€203 +Ca0+Mg0+K20+Na20
Si0,+Ti0,+Al,05

B/A = Equation 3.3

Fu=B/A X (Na,0 + K,0) Equation 3.4

Leaching tests were carried out according to EN 12457-2: 2002. After the leaching tests, the leachates
were analyzed for their conductivity (MC226 Conductivity meter Mettler Toledo) and pH (Crimson
MicropH 2001 meter). Their mineral composition was evaluated through ICP-AES (Inductively Couple
Plasma — Atomic Emission Spectrometer Horiba Jobin-Yvon, Ultima) and their chlorine content was
determined by titration according to the methodology described in EPA-SW-948 test method 9253.

All the characterization analyses were conducted with replicates, and the presented results corre-
spond to average values (variation coefficient < 10 %).

3.2.4. Process performance

The mass and energy yields of the RDF chars produced at all the tested conditions were calculated
using equations 3.5 and 3.6, respectively:

Mass yield (%) = T:l—h x 100 Equation 3.5
RDF

Energy yield (%) = Mass yield X % Equation 3.6
RDF

where Mcrar and HHVrar are the mass (kg) and high heating value of RDF char (MJ.kg?); mror and
HHVror are the mass and high heating value of raw RDF.

Process energy efficiency (PEE) establishes a comparison between the energy contained in the tor-
refaction and carbonization products and the sum of the energy contained in the original raw material
with the energy inputs required by the thermal conversion process. This parameter was calculated
through equation 3.7:

McharHHVY char

PEE (%) =

x 100 Equation 3.7

MrprHHVRDF+Qinput

35



Chapter 3: Upgrading of RDF through torrefaction and carbonization: evaluation of RDF char fuel properties

where Qinput IS the total energy requirements of the torrefaction or carbonization processes, in MJ. Qinput
was determined as the sum of the different energy requirements of the process, as follows:

Qinput = 01+ Q2+ Q3+ Q4 + s Equation 3.8
Q1= mRDFCz?DFAT Equation 3.9
Q2 = my,oCy?°AT Equation 3.10
Q3 = my,o XL Equation 3.11

Where Q1 represents the energy needed to heat the feedstock from room temperature to the tempera-
ture of the process (AT). The specific heat of the RDF sample (C}PF) was calculated taking into account
its biogenic and polymeric fractions, which were measured by the selective dissolution method, as de-
scribed in CEN/TS 15440:2006. A value of 1.70x10° MJ.kg™.K* was considered for the specific heat
of the biogenic component (Collazo et al., 2012). For the specific heat of the plastic component it was
assumed that this fraction was composed of polyethylene terephthalate and polypropylene in equal pro-
portions (PET, CJET = 1.05x10° Ml.kg®.K™; PP, C}¥ = 1.95 x10° MJ.kg’.K™) (Osswald and
Hernéndez-Ortiz, 2006).

Q- represents the energy needed for heating the water present in the system (muz0) from room tem-
perature to 100 °C (AT), considering the specific heat of water (C5/?° = 4.178x10° MJ.kg.".K™?).

Qs corresponds to the energy needed for water evaporation at 100 °C, considering the latent heat of
water vaporization (L = 2.26 MJ.kg?).

Q. corresponds to the heat of reaction for the torrefaction process itself. This parameter was esti-
mated by linear regression of the values obtained by Ohliger et al. (2013), for the different temperatures
and residence times (See Appendix, Figure A.1). Considering the higher difficulty in degrading the
plastic fraction and also its poor conduction properties (Lin et al., 1999), 45 % of the final value was
added to Q4

Qsare the thermal losses related to heat loss from the char and produced gas exiting the reactor, and
diffusion losses through the reactor walls. These thermal losses were assumed to be 25 % at 200 °C 15
min, 55 % at 400 °C 60 min and interpolated values for all the other combinations of temperature and
residence time were used (See Appendix, Table A.1).

3.3. Results and discussion

3.3.1. RDF and RDF char characterization

The appearance of the RDF chars obtained by torrefaction and carbonization of the RDF sample, at
different temperatures and residence times is shown in Figure 3.3.
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Figure 3.3: RDF chars produced by torrefaction and carbonization at 200, 250, 300, 350 and 400 °C and residence
times of 15, 30 and 60 min.

The products obtained at 200 °C had an appearance similar to the raw RDF (Figure 3.2), suggesting
that, at such mild conditions, the torrefaction process produced only minor changes of the RDF compo-
sition and structure, namely loss of water and volatile matter. Visual changes of color and texture were
evident for chars obtained at 250 °C and residence times of 30 to 60 min and for chars obtained at higher
temperatures (300, 350 and 400 °C). Increasing process temperature had a larger impact on RDF char
color than increasing residence time, thus indicating that the degree of decomposition and molecular
rearrangement of the raw RDF is mainly influenced by the temperature of the thermochemical treatment.

The RDF chars could be hand-milled using a mortar, while the homogenization and particle size
reduction of the raw RDF or of the chars obtained at 200 °C could only be done using a mechanical mill,
which is a qualitative indication of the positive effect of torrefaction and carbonization on grindability,
for temperatures of 250 °C or higher. According to Yuan et al. (2015) this characteristic could enable
the use of these chars in different types of furnaces and feeding systems, since it reduces the problems
of clogging associated with the presence of polymeric fractions in RDF.

The proximate compositions of the raw RDF and the RDF chars produced at different temperatures
and residence times are presented in Figure 3.4.
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Figure 3.4: Proximate composition of the raw RDF and the RDF chars produced at 200, 250, 300, 350 and 400 °C
and residence times of 15, 30 and 60 min.

The moisture content of raw RDF was already low (6.0 wt.%), because this material was collected
in September, after several dry and hot months. This parameter is negatively correlated with the fuel
lower heating value and with the potential for biological degradation during storage. Also, RDF with
higher moisture levels is more prone to self-ignition at room temperature (Yasuhara et al., 2010). The
RDF chars had residual moisture contents between 0.3 and 2.1 wt.%, due to some atmospheric moisture
adsorption during char cooling to room temperature. The chars produced at the higher temperatures (350
and 400 °C) had the lowest moisture contents probably due to their higher hydrophobicity (Zornoza et
al., 2016).

Volatile matter also decreased with increasing temperature and residence time, but at higher rate for
temperatures in the torrefaction range (200 to 300 °C) than for temperatures in the carbonization range
(300 to 400 °C). This indicates that the decrease in volatiles can be related to the decomposition of the
biomass fraction in RDF, namely hemicellulose, cellulose and lignin, that occurs in a temperature range
of 250 to 400 °C (Qi et al., 2018), but also to the pyrolytic decomposition of some polymer components,
especially the ones with smaller monomer units, higher degree of unsaturation and higher chlorine con-
tent, such as PVC or PS. RDF thermochemical decomposition begins at 230 °C, following different
stages as temperature increases, according to a pattern dependent of its polymer composition (Haykiri-
Acma et al., 2017). PS, PP and PET are thermally degraded between 350 and 500 °C (Lépez et al.,
2011), justifying the larger decrease in volatile content observed for the char produced at 400 °C.
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The ash content of the RDF chars increased with increasing temperature but also at different rates:
in the torrefaction range (200 to 300 °C) ash content increased from 8.2 to 12.7 wt.% while in the car-
bonization range (300 to 400 °C) the ash content reached 26.0 wt.%. Biatowiec et al. (2017) observed
an increase of ash content from 14.2 to 23.8 wt.% for the torrefaction of RDF at 300 °C and 60 min,
using a furnace purged with CO,, thus promoting tar removal. Excluding the RDF chars obtained at 300
°C, the ash content of the RDF chars had a strong linear correlation (p= 0.970) with the RDF mass loss
that varied from 3.2 to 41.7 %, for the different conditions that were used. A similar increase of the char
ash content as the severity of the process increased was also observed for torrefaction and carbonization
of biomass wastes (Yue et al., 2017), SRF (Recari et al., 2017), MSW (Yuan et al., 2015) or RDF
(Biatowiec et al., 2017; Stgpien and Biatowiec, 2018). The ash content of the chars obtained at 300 °C
was similar to those obtained at 250 °C, although different RDF mass losses were observed at these two
temperatures (3.7 to 10.0 % at 250 °C and 19.4 to 27.6 % at 300 °C). This anomaly in the linear corre-
lation between ash content and RDF mass loss may result from ash dissolution and entrainment by the
tars formed during the process, and occurs at this specific temperature because of unbalanced rates of
tar formation and volatilization. This effect is probably reduced in torrefaction systems with continuous
purging of the volatiles with an inert gas but that is not always the case for torrefaction or carbonization
systems at an industrial scale, because the use of a modified atmosphere increases the economic and
energetic requirements of the process (Sarvaramini and Larachi, 2014). The ash content of the RDF
chars was less influenced by residence time than by temperature, as observed for their moisture and
volatile matter.

Fixed carbon had a non-regular variation over the temperature range because of its dependence on
volatile matter and ash contents, that are inversely correlated with the temperature of the process. Fixed
carbon values higher than 20.0 wt.%, were obtained for the chars produced at 300 °C for 30 and 60 min
and at 400 °C for 60 min.

Ultimate analysis and heating values (HHV and LHV) of the raw RDF and produced RDF chars are
presented in Table 3.2.
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Table 3.2: Ultimate composition and heating values of the raw RDF and the RDF chars obtained at the different
temperatures and residence times.

Sample Ultimate composition (wt.%, daf) HHV LHV
C H N S 0 (MJ.kg*, db)  (MJkg*, db)

RDF 36.7 4.1 1.3 0.6 57.4 18.0 17.8
C200/15 43.4 6.1 0.7 0.3 49.5 17.6 175
C200/30 48.0 6.7 0.4 0.3 447 18.4 18.3
C200/60 475 6.4 0.7 0.3 45.1 18.6 18.5
C250/15 41.1 5.5 0.9 0.4 52.2 17.5 17.4
C250/30 47.8 5.9 1.3 0.3 44.6 18.8 18.5
C250/60 53.3 6.0 0.7 0.3 39.7 19.4 19.3
C300/15 53.5 6.0 1.0 0.2 39.3 20.1 19.9
C300/30 56.7 5.4 0.9 0.3 36.7 20.8 20.7
C300/60 59.5 5.1 1.0 0.3 34.1 21.1 20.9
C350/15 63.7 6.0 1.2 0.5 28.6 20.8 20.6
C350/30 71.3 5.5 1.2 0.4 21.5 21.5 21.3
C350/60 71.7 6.5 1.2 0.3 20.2 22.3 22.1
C400/15 67.7 6.7 0.9 0.3 24.3 21.7 21.5
C400/30 77.5 7.3 1.0 0.3 13.9 23.5 23.4
C400/60 84.9 8.2 1.1 0.4 5.4 26.2 26.0

Carbon content and heating value of the RDF chars were improved relatively to the raw RDF, show-
ing the fuel upgrading effect that results from the preferential elimination of oxygen from the raw ma-
terials during torrefaction or carbonization. This deoxygenation effect is more evident for temperatures
in the carbonization range (300 to 400 °C), that produced chars with carbon contents from 53.5 to 84.9
wt.% and oxygen contents from 39.5 to 5.8 wt.%, departing from an RDF sample with 36.7 wt.% carbon
and 57.4 wt.% oxygen. The concentration of hydrogen was relatively constant for the different treatment
conditions, showing the highest values for the RDF chars produced at 400 °C for 30 min and 60 min
(7.3 and 8.2 wt.%) indicating some degree of preservation of the C-H bonds in the carbonaceous struc-
ture. Both nitrogen and sulphur contents showed small decreases in concentration throughout the tested
temperatures and residence times, which may be related with the fact that C-S and C-N polar covalent
bonds are easier to break than the non-polar C-C bonds that are relatively stable up to 400 °C (Vollhardt
and Schore, 2007).

As a consequence of the composition changes associated with the torrefaction and carbonization
processes, the HHV of raw RDF (18.0 MJ.kg™?, db) was upgraded to 20.1 MJ.kg™ for the char produced
at 300 °C 30 min, and to 26.2 MJ.kg*for the char produced at 400 °C, 60 min. Similar improvements in
carbon content and HHV were observed for the torrefaction of almond shells (Chiou et al., 2016), wood
biomass (Wilk et al., 2016) and MSW (Yuan et al., 2015).

Changes in mass, volume and density are very important parameters regarding torrefaction plant
design (Basu et al., 2013), including transport and storage of the raw materials and the produced chars.
The apparent density of the RDF chars increased relatively to the density of the raw RDF (0.12 g.cm?),
at a rate that was proportional to the temperature and residence time of the thermochemical process.
RDF chars produced with a residence time of 30 min had apparent densities that ranged from 0.13 to
0.27 g.cm™®, when the process temperature increased from 200 °C to 400 °C. Also, increasing residence
time from 15 min to 60 min, at 300 °C, caused an increase of the apparent density of the produced chars
from 0.19 to 0.21 g.cm™. This density increase implies savings in land use and material transport, which
are relevant parameters for RDF management. The density increase is one of the torrefaction outputs
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that must be optimized by adaptation of operating conditions to initial RDF composition, and thus
achieve the ideal balance between mass loss and volume reduction (Basu et al., 2013).

The H/C and O/C ratios of the RDF chars and the raw RDF, are presented in a van Krevelen diagram
and compared to those of fossil fuels and biomass wastes (Figure 3.5).
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Figure 3.5: van Krevelen diagram for raw RDF and the RDF chars obtained in this work and comparison with
different fossil fuels (Vassilev et al., 2010) and biomass wastes (Cardona et al., 2019; Wilk et al., 2016).

The torrefaction process strongly reduced the O/C ratio of the RDF, to yield a char with an elemental
composition close to lignite, while the raw RDF shows a composition analogous to non-treated ligno-
cellulosic biomass, thus depicting a clear fuel upgrading effect. The O/C ratio of the raw RDF is even
higher than those of different types of biomass wastes due to the presence of cellulose-rich materials
such as paper, cotton fabrics or cardboard.

The effect of torrefaction and carbonization on the ash mineral composition of the RDF and RDF
chars is presented in Table 3.3.
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Table 3.3: Ash mineral composition, chlorine content and slagging and fouling indexes for the raw RDF and pro-
duced RDF chars.

Process conditions

Parameter RDF t=30 min T=300°C
200°C 250°C 300°C  350°C 400 °C 15 min 60 min

Mineral composition (mg.kg™, db)

Ca 72904.4 92133.2 105066.9 64165.0 131186.3 112436.3 89575.3 118721.5
Si 22867.4 9664.2 7184.5 6724.7 8909.2 8907.8 6733.2 8659.3
Fe 8598.5 5077.7 4267.3 3016.7 3411.0 3049.2 3439.3 3733.2
Na 6299.9 4329.0 2838.0 6700.5 6275.4 3803.1 5926.4 6183.7
K 45906  2839.7 41065  3430.0 2576.9 2552.4 24305 2255.0
Al 2980.1 43799 4908.8  3120.2 5878.9 51672  4355.6 5572.8
Ti 2907.6  1849.2 2094.1  4709.1 4964.0 3330.0 1926.9 2709.6
Mg 1740.0 1081.1 1482.3 1330.1 1030.2 989.7 942.4 884.4
Mn 1451.7 452.8 364.4 184.8 169.6 382.8 191.9 234.1
Zn 870.4 520.5 545.3 268.3 845.2 724.5 493.5 536.4
Cu 358.9 1072.5 264.6 406.1 281.4 271.9 152.7 645.1
Pb 337.9 125.9 162.7 178.7 158.3 120.3 133.6 135.6
Sn 285.1 70.0 92.9 69.4 99.2 67.5 83.4 94.1
Sc 209.3 276.1 334.9 205.6 362.8 351.3 276.5 381.1
Cr 163.4 159.1 124.9 19.6 152.5 108.4 91.5 234.4
Sr 90.6 57.4 62.3 61.2 78.8 52.4 45.8 64.3
Ba 83.8 0.0 0.0 0.0 59.3 36.5 0.0 0.0
Bi 65.7 27.1 27.6 0.0 39.2 9.4 35.7 110.1
Rb 60.8 32.2 35.0 8.4 49.0 14.5 44.2 127.8
Zr 57.0 28.9 26.7 40.6 28.5 26.7 24.3 33.6
S:kl)) (wt.%, 0.7 14 0.7 2.3 3.1 1.3 14 1.6
B/A 2.4 4.8 6.0 4.2 5.5 5.1 5.8 5.7
Fu 5.3 7.2 7.5 9.3 10.9 6.8 11.0 11.1

The thermochemical processes caused an increase of total ash of the RDF chars but affected differ-
ently the concentrations of individual ash components. Calcium is the element with the most remarkable
concentration increase, when compared with the raw RDF. This element presented its higher concentra-
tion for the RDF char produced at 350 °C, with 131186.3 mg.kg. The concentrations of other mineral
components such as potassium silicon, iron, magnesium or manganese decreased with the thermochem-
ical treatment, showing values consistently lower for the RDF chars than for raw RDF. Finally, another
group of inorganic components had a miscellaneous behavior, increasing or decreasing in the RDF chars
depending on the conditions of temperature and residence time at which those chars were produced.
Kuzmina et al. (2016), suggested that the interactions between condensates and chars, which occur in
reactors without a modified atmosphere, contribute to a reduction of the organic matter content of con-
densates, through the adsorption of more hydrophobic components on the surface and porous structure
of the chars, thus increasing solid yield. These interactions may have the opposite effect on the ash
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content of the chars by partial dissolution of the mineral fraction of the chars in the condensates, a
behavior similar to that observed during hydrothermal carbonization (Reza et al., 2013). As seen in
Table 3.3, there is a positive trend regarding heavy metals, since in general, these elements show lower
concentrations in the RDF chars relatively to the raw RDF.

Regarding slagging and fouling indexes, all the studied samples presented potential for these ash
related problems. The raw RDF already had a B/A value above 1, indicating a high slagging tendency
when compared to limit values, where B/A< 0.5 represents low slagging tendency, 0.5 < B/A <1 cor-
responds to a moderate slagging tendency and B/A > 1 represents a high slagging tendency (Akdag et
al., 2016). B/A values for the RDF chars increased even further, reaching a maximum value of 6.0 for
the RDF char produced at 250 °C for 30 min. The same behavior is verified for the fouling index. This
parameter was 5.3 for the raw RDF and reached its highest value (11.1) for the RDF char produced at
300 °C for 60 min. These values are directly related with the concentrations of alkali metal oxides which
present significant concentrations in the ashes of both raw RDF and RDF chars. Furthermore, chlorine
content increased in the RDF chars samples, and it is also a strong indicator of potential slagging prob-
lems (Nutalapati et al., 2007). The determined slagging and fouling indexes for the studied samples are
significantly high comparing with other RDF samples (Akdag et al., 2016) or coals (Park and Jang,
2011).

The leaching of inorganic components from the raw RDF and the RDF chars was evaluated in com-
parable conditions to assess the stability of those materials during landfill storage and evaluate the effi-
ciency of such treatment in the removal of chlorine and other ash-forming species from the RDF chars.
The leachates were characterized for their pH, conductivity, chlorine content and concentrations of main
mineral components (Table 3.4).

Table 3.4: Concentrations of chlorine and other mineral components removed by the leaching procedures of raw
RDF and the RDF chars produced at different temperatures and residence times (expressed in wt.% for chlorine
and mg.kg* for the other elements) and properties of the leachates obtained for each sample.

Process conditions

Parameter RDF t=30 min T=300°C
200°C 250°C 300°C 350°C 400°C 15min 60 min
pH 7.3 7.6 75 7.0 7.5 7.6 7.1 7.3
Conductivity (mS.cm™) 1.6 1.6 2.8 4.4 4.4 4.4 3.0 4.3
Cl (wt.%, db) 0.1 0.2 0.2 0.5 0.8 0.7 0.5 0.8
Metals (mg.kg™, db)
Ca 737.0 819.6 906.8 1896.8 6888.1 3731.3 2383.2 3994.0
K 229.1 244.2 169.1 171.2 166.5 110.9 338.8 115.7
Mg 67.2 70.4 48.4 103.3 86.4 34.6 86.8 48.8
Na 87.9 63.8 39.6 26.6 52.8 335 79.2 46.2
Si 14.2 18.7 6.2 5.6 7.0 6.0 12.6 7.4
Al 11.1 7.4 11.1 8.0 6.7 3.9 10.3 5.4
Zn 4.7 2.2 2.1 2.1 9.9 1.4 34 2.4
Fe 5.8 1.7 1.3 1.8 1.7 0.9 25 2.8
Mn 11 0.5 0.6 4.5 2.3 0.7 25 1.8
Cu 2.6 3.8 0.7 5.0 4.9 0 0 1.6
Ti 0.8 0 0 0 0 0 0 0
Pb 0.7 0 0 0 0 0 0 0
Cr 0.3 0 0 0 0 0 0 0

43



Chapter 3: Upgrading of RDF through torrefaction and carbonization: evaluation of RDF char fuel properties

The leachates presented comparable pH values in the neutral range, which can be related with de-
creased metal concentrations, according to Hwang et al. (2007). The conductivity of the leachates was
higher for those obtained from the RDF chars, reflecting the higher concentration but also the higher
mobility of ionic species in these samples. Torrefaction and carbonization can alter the surface properties
of the raw materials depending on temperature an residence time (Weber and Quicker, 2018) and these
structural alterations lead to molecular rearrangements responsible for the retention or release of the
different elements, depending on several factors, such as volatility or water solubility.

Calcium was readily released by the RDF chars when compared with the raw RDF, presenting a
maximum leaching concentration for the char produced at 350 °C 30 min (6.9 g.kg?). The increase of
calcium and potassium concentrations in the leachates from the RDF chars had strong positive correla-
tions (p = 0.734 and p = 0.898, respectively) with the temperature used for char production while mag-
nesium and sodium leaching from the RDF chars showed strong positive correlations (p = 0.806 and p
=0.890, respectively) with the residence time of the thermal treatments (correlations are reported in the
Appendix, Figures A.2 and A.3 and Table A.2).

Alkali and alkali-earth metals do not add to leachate toxicity, and generally leachates from waste-
derived chars present high concentrations of these elements when compared with the leachates from the
original wastes (Hwang and Matsuto, 2008).

Metals lead, chromium and titanium, although present in the RDF chars at concentrations higher than
100 mg.kg?, db, were not detected in the corresponding leachates suggesting a stable retention of these
elements in the char matrix, by electrostatic interactions or pore adsorption.

According to Vassilev et al. (1999) chlorine in refuse-derived char is distributed among organic and
inorganic forms that may be adsorbed in the char surface or pores. As such, chlorine release during the
leaching assays of the RDF chars would mostly result from dissolution of inorganic chlorine. Compar-
ing with the raw RDF, all the RDF chars showed a higher chlorine release, particularly the chars pro-
duced at 300, 350 and 400 °C (0.5-0.8 wt.%). From the fuel perspective, water leaching can be seen as
way to remove chlorine from the RDF chars, to yield upgraded fuels. For further chlorine removal,
sequential washing, the use of temperature or carbonation could be applied (Hwang et al., 2006). Over-
all, the characteristics of the obtained leachates were in compliance with limit-values established by the
EU landfill regulation regarding pH, chlorine and the tested heavy metals (OJEC, 2003).

3.3.2. Process performance
Mass and energy yields as well process energy efficiency can be useful indicators of the torrefaction

and carbonization processes performance (Zhang et al., 2018). The results for the process performance
calculations for all the tested torrefaction and carbonization conditions are depicted in Table 3.5.
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Table 3.5: Mass yield, energy yield, energy requirements and process energy efficiency for the torrefaction and
carbonization of RDF.
Process condi-

tions Mass En_ergy Energy requirements? PEE
T t y(l(;:)d y(losol)d Q1 Q2 Qs Q4 Qs Qinput (%)
(°C) (min) (MJ) (MJ) (MJ) (MJ) M3 (M)
15 96.8 94.6 0.26 0.03 0.21 0.94 036 181 86.0
200 30 95.9 97.6 0.26 0.03 0.21 0.86 041 1.77 88.8
60 94.5 97.7 0.26 0.03 0.21 0.70 042 163 89.6
15 96.3 93.6 0.34 0.03 0.22 0.81 042 1.82 85.0
250 30 94.4 98.3 0.34 0.04 0.26 0.74 048 1.85 89.1
60 90.0 96.9 0.34 0.04 0.30 0.59 051 1.77 88.2
15 80.6 90.0 0.41 0.08 0.57 0.77 0.64 249 79.1
300 30 75.0 86.7 0.41 0.10 0.70 0.70 0.76  2.68 75.5
6 724 84.7 0.41 0.11 0.76 0.55 082 2.65 73.9
15 78.7 91.0 0.49 0.09 0.62 0.74 077 270 79.2
350 30 72.7 86.8 0.49 0.10 0.75 0.66 090 291 74.7
60 68.3 84.5 0.49 0.12 0.85 0.52 099 296 72.6
15 76.3 91.7 0.56 0.09 0.67 0.70 091 294 78.9
400 30 69.3 90.4 0.56 0.11 0.83 0.63 1.07 3.20 76.8
60 58.3 84.7 0.56 0.15 1.08 0.48 125 352 70.8

2Q1, energy needed to heat the feedstock; Q2, energy needed for heating water to 100 °C; Qs, energy needed for
water evaporation at 100 °C; Qa, heat of reaction for the torrefaction process; Qs, thermal losses.

As expected, mass yields of the RDF chars decreased with increasing temperature and residence
time, reaching 58.3 % at 400 °C 60 min. Overall, high mass yields indicate that most of the fixed carbon
fraction was recovered in the char and mass losses were restricted to light components, such as water
and volatile components, but it may also be associated to a limited deoxygenation of the RDF sample,
such as observed at 200 °C. At 350 °C and 400 °C the polymeric fraction of the RDF also decomposes,
contributing to mass loss along with the lignocellulosic materials, justifying the lower mass yields ob-
tained at these most severe process conditions (Silva et al., 2015). The elemental compositions of the
raw RDF and the RDF chars, as presented in Table 3.2, confirm that mass loss is positively correlated
with the reduction of the O/C ratio, an upgrading effect intended by these thermochemical processes.
The RDF char mass yields obtained in this work are higher than those obtained by Biatowiec et al.
(2017) for RDF torrefaction (200-300°C, 60 min) and those reported by Yuan et al. (2015) for MSW
thermal treatment (250-450 °C, 30 min). These differences may be attributed to a higher deposition of
hydrophobic organic components in the char surface due to a higher contact between condensates and
chars, that is possible when a purging inert gas is not used (Kuzmina et al., 2016). The specific compo-
sition of the used raw material also has an important role in the outcome of the thermochemical pro-
cesses, both in yield and char properties.

Energy yield represents the amount of energy of the raw material that was retained in the solid prod-
uct, and reached its highest value (98.3 %), at 250 °C and 30 min. Chars produced by torrefaction of
different biomass wastes, such as spent coffee grounds, forest residues and MSW at 300 °C, had energy
yields that ranged from 80 to 90 % (Bach et al., 2017; Samad et al., 2017; Zhang et al., 2018).

According to Sermyagina et al. (2015) determination of the heat requirements in torrefaction is quite
challenging because there are significant variations in the specific heat of raw materials and also in the
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heat of reaction and in the magnitude of thermal losses, depending on the dimensions and configurations
of the used reactors.

For the determination of the heat requirements for the tested torrefaction and carbonization condi-
tions, Q1 (energy required for feedstock heating) was evaluated considering the RDF sample as received
with its initial moisture content (6.0 wt.%) and without including drying of the feedstock since moisture
value was below 10 wt.% and drying was not performed (Sermyagina et al., 2015). To evaluate the
specific heat of the RDF (C§DF), the composition of the RDF sample as evaluated by the selective dis-
solution method (64.1 wt.% biogenic component, 27.7 wt.% non-biogenic component and 8.2 wt.%
ash), was taken into account. As detailed earlier in Section 3.2.4, the specific heat of the biomass com-
ponent was obtained from Collazo et al. (2012) and the plastic fraction was assumed to contain equiva-
lent amounts of PET and PP with specific heat values obtained from Osswald and Hernandez-Ortiz
(2006) . The specific heat of the RDF (C5P*) was determined as 1.5x10° MJ.kg®.K™.

As expected, Qi (energy required for feedstock heating), increased with process temperature as seen
in Table 3.5. Q; and Qs, which are energy requirements regarding heating and evaporation of the water
present in the system, also increased with temperature and residence time because those parameters
influenced the condensate yield. Q4 was evaluated taking into account the heats of torrefaction deter-
mined by Ohliger et al. (2013), for the torrefaction of beechwood. The increase of temperature and
residence time were negatively correlated with the heat of reaction because increasing the severity of
the processes also increased the extent of exothermic reactions (Ohliger et al., 2013). Thermal losses
Qs, increased with the process temperature and residence time. The calculated Qinput Values were similar
to values found in various literature references regarding the torrefaction and pyrolysis of different bio-
mass wastes from 0.392 to 2.935 MJ.kg* with the exception of the values calculated for the most severe
carbonization conditions (400 °C, 30 and 60 min) (Abrego et al., 2018; Cardona et al., 2019; Granados
etal., 2014; Guo et al., 2017).

The relations between the process energy efficiency (PEE), and two relevant performance parameters
(HHV of the produced chars and energy yield) are presented in Figure 3.6.
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Figure 3.6: Relations between the process energy efficiency (PEE) and: (a) heating value of RDF chars (HHV)
and (b) energy yield.

At torrefaction conditions (200 °C and 250 °C), PEE and energy Yield were high, mostly due to the
reduced mass loss, but the HHV of the chars was low as a result of their high O/C ratio. On the other
hand, at 300, 350 and 400 °C lower PEE values and lower energy yields were obtained but corresponding
to RDF chars that had a higher calorific value and therefore better fuel quality.
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3.4. Conclusions

RDF is a waste material with a strong polymeric component and variable composition, which are
challenging trends for the development of energy recovery applications. Low density, low grindability
and high chlorine contents are other characteristics that hinder the efficiency of RDF combustion and
increase associated emissions.

Torrefaction and carbonization of an industrial RDF allowed to obtain chars with improved fixed
carbon, heating value and carbon content, that presented O/C ratios similar to lignite or bituminous coal,
in the carbonization range. The concentrations of ash and chlorine also increased with the thermal treat-
ments, probably due to interactions between chars and condensates, but leaching with water allowed
significant reductions of the inorganic fraction of the RDF chars.

RDF torrefaction or carbonization is also interesting from the landfill management perspective since
it allowed significant density increase and reduced the mobility of some heavy metals such as lead or
chromium.

Carbonization conditions offered a good compromise between fuel properties and process efficiency,
allowing the production of chars with HHV between 20.1 and 26.2 MJ.kg™* with process energy effi-
ciencies from 70.8 to 79.2 %.

Thus, the thermochemical conversion of RDF between 300-400 °C appears to be a useful pre-treat-
ment for RDF, both for energetic applications or landfill storage, contributing to improve its fuel quality
and reduce its environmental impact.
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Chapter

Torrefaction and carbonization of RDF: Char characterization

and evaluation of gaseous and liquid emissions

Abstract

RDF containing non-hazardous industrial wastes was subjected to torrefaction and carbonization in
a rotary pyrolysis furnace. The RDF samples were heated at 300 °C and 400 °C, for 30 min, yielding
solid products (chars) as well as gases and liquids. Proximate and ultimate composition, mineral com-
position, chlorine content and high heating value were determined for the original sample and the pro-
duced chars. Thermal treatment produced RDF chars with carbon contents of 61.6 and 80.2 wt. %, and
high heating values of 19.9 and 23.5 MJ.kg, that could be further upgraded by washing with water to
reduce ash and chlorine concentrations and improve calorific value. Gas products were composed of
carbon dioxide and carbon monoxide with minor amounts of hydrogen. Methane was only detected in
the gas produced at 400 °C. The process generated liquid products rich in organic compounds that rep-
resent potential in further energy or material recovery.

Keywords: Scale up; Torrefaction; Carbonization; Gas products; Condensates.

4.1. Introduction

As seen in the previous chapter, the main product of torrefaction and carbonization is a char that
presents a homogeneous carbon structure and contains some inert mineral components. In addition to
the char, gas products (primarily carbon dioxide, carbon monoxide and methane) and a condensable
liquid (water, acetic acid and other oxygenated compounds) are also produced (Tumuluru et al., 2011).
The amount of each product is dependent on the process main parameters, namely temperature, heating
rate or residence time, as well as on the characteristics of the feedstock (Tumuluru et al., 2011; van der
Stelt et al., 2011; Volpe et al., 2015). Biomass is by far the most used raw material in torrefaction and
carbonization applications. There are less studies focused on the torrefaction or carbonization of other
waste streams, such as MSW or RDF, and the majority of those is dedicated to the characterization of
the main product (char) and does not include the characterization of the corresponding emissions (gas
product and condensates). The characterization of the emissions associated with torrefaction or carbon-
ization is necessary to develop appropriate strategies to treat or reduce emissions and therefore improve
the sustainability of those processes at an industrial scale. Detailed description of gaseous and/or liquid
emissions associated with these thermal conversion processes has been done mostly for biomass feed-
stocks, such as rice husk (Chen et al., 2018b), bamboo (Chen et al., 2015a) or sorghum (Yue et al.,
2017).

Most literature reports on RDF torrefaction or carbonization were performed in the sub-kilogram
scale (Biatowiec et al., 2017; Edo et al., 2017; Haykiri-Acma et al., 2017), but given the heterogeneity
of RDF the evaluation of these treatments in a larger scale could probably provide more representative
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information on product composition. Recari et al. (2017) studied torrefaction of SRF in a continuous
reactor, at a 13kg.h™ rate, processing around 3.3 kg of material in each test, but did not study the asso-
ciated emissions.

In this chapter, the thermochemical upgrading of an industrial refuse derived fuel (RDF) containing
comparable amounts of lignocellulosic and polymeric components, was studied at temperatures corre-
sponding to the higher limit of the torrefaction range (300 °C) and an average temperature in the car-
bonization range (400 °C). For temperatures lower than 300 °C, a poor decomposition of the polymeric
fraction is expected while for temperatures above 400 °C, substantial loss of fixed carbon may hinder
mass and energy yields (Haykiri-Acma et al., 2017). The tests were performed at a pre-pilot scale (5 kg
samples), in order to achieve a representative evaluation of the conversion process and associated emis-
sions. The RDF chars as well as the co-produced gases and condensates were characterized and the mass
and energy yields were evaluated in order to discuss the process performance and the possible pathways
for valorization or remediation of the secondary products.

4.2. Materials and methods

4.2.1. Raw material

The RDF sample used in this work was produced from non-hazardous industrial wastes and was
supplied by CITRI S.A.. Sampling of the RDF was performed as described in Chapter 3. Main compo-
nents of the sample were determined by manual sorting, through three sub-samples of 1 kg, as repre-
sented in Figure 4.1.
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Figure 4.1: Morphological composition of the RDF sample, obtained through manual sorting. Presented results
correspond to average values.

4.2.2. Torrefaction and carbonization tests

RDF was subjected to torrefaction and carbonization at the temperatures of 300 °C and 400 °C, re-
spectively, using an industrial rotary furnace (MJ Amaral, model FR 100), equipped with an emission
collection system schematically represented in Figure 4.2.
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Figure 4.2: (a) Photographic representation of the rotary pyrolysis furnace; (b) Schematic diagram of the experi-
mental setup used in the torrefaction and carbonization tests: 1 — Control panel; 2 — Rotary pyrolysis furnace; 3 —
Condensation chamber (1% collection point); 4 — Condensation chamber (2" collection point); 5 — Water column;
6 — Permanent gas collection.

(b)

For each run, approximately 5 kg of RDF (as received) were placed in the furnace, the air was re-
moved using a vacuum pump (in order to reduce oxygen availability), and the rotation movement was
initiated at a rate of 1 rpm. The furnace was then heated to 200 °C for 15 min, to allow for temperature
equilibration with the furnace walls and reduction of the RDF sample moisture. Afterwards, temperature
was risen to 300 °C or 400 °C, at 4 °C.min* and held at those values for 30 minutes. During this period
pressure increased as gas products were continuously formed and released through two condensation
chambers and a water scrubbing column before being vented to the atmosphere. The condensed phases
collected in the condensation chambers (1 and 2™ collection points) were recovered in the end of each
test and kept at 4 °C until analysis. Non-condensable gases were collected in 5 L Tedlar bags for later
characterization.
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4.2.3. RDF and RDF char characterization

Before analytical characterization, the RDF gross sample was air-dried for 15 days, and homogenized
using a mechanical mill (DeLonghi mill). The homogenized RDF samples were stored in plastic con-
tainers until analysis. The RDF char samples obtained in each test were milled and sieved to a particle
diameter < 500 um (Retsch sieve) and stored in glass containers until analysis. All analytical determi-
nations were done with replicates and results are presented as average values (variation coefficient < 10
%).

Moisture, volatile matter and ash contents were determined according to CEN/TS 15414-3:2010,
EN 15402:2011 and EN 15403:2011, respectively. Fixed carbon content was obtained by difference,
on a dry basis (db). Ultimate analysis (CHNS) was performed using an elemental analyzer (Thermo
Finnigan — CE Instruments Model Flash EA 112 CHNS series). Oxygen content was calculated by dif-
ference, on a dry ash-free basis (daf).

High heating values (HHV) of the RDF and the RDF char samples were determined with a calorim-
eter bomb (IKA C200), in isoperibolic mode at 25 °C, using benzoic acid as a calibration standard.

The mass and energy yields of RDF chars (on a dry basis) were calculated based on equations 3.5
and 3.6, respectively (from Chapter 3).

Mineral composition of ash from RDF and RDF char samples was determined through X-Ray fluo-
rescence (Niton XL 3T Gold++). Chlorine content was determined through an adaptation of ASTM
D4208-02, using a bomb calorimeter (IKA C200) with Na,COj3 absorbing solution used during the com-
bustion step and a chloride selective electrode (Hanna HI 4007) connected to a potentiometer (Hanna
HI 98185).

4.2.4. Leaching tests

Upgrading of the RDF chars by removal of water-soluble species was evaluated by two leaching
tests: extraction with distilled water at room temperature and Soxhlet extraction also with distilled water.
For the room temperature leaching test, an adaptation of EN 12457-2: 2002 was used. Briefly, the RDF
char samples were mixed with distilled water in closed glass flasks, at an L/S ratio of 10 L.kg* and
constant temperature of 20 + 2 °C. The flasks were shaken at 10 rpm (Heidolph), for a period of 24 +
0.5 h. For the Soxhlet extraction, the same L/S ratio was used, as well as the same contact time. After
both extraction procedures, the RDF char samples were filtered and oven dried (Memmert) at 105 + 2
°C for 12 h. Chlorine content, HHV and ash content were measured in the decontaminated chars as
described in Section 4.2.3.

4.2.5. Characterization of gaseous products

Torrefaction and carbonization gas products were analyzed by GC-TCD (Thermo Trace GC Ultra)
for quantification of oxygen, carbon dioxide, carbon monoxide, hydrogen and methane. Total volatile
organic compounds (VOCs) were determined using a total hydrocarbon analyzer (Signal, Model 3010),
based on flame ionization detection and using propane as a calibration standard. The yield of the gaseous
products was determined by difference between 100 % and the sum of char mass yield and liquid fraction
mass Yyield.
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4.2.6. Characterization of liquid products

Liquid fraction mass yield was obtained by applying equation 3.5 and using the mass of collected
condensate (Mcondensates) iNStead of the mass of char.

The water content in the condensed phase was analyzed according to ASTM D95, using o-xylene
and a Dean-Stark apparatus. Chemical oxygen demand (COD) was determined after open vessel diges-
tion using the potassium dichromate methodology, as described in method 5220B from Standard Meth-
ods for the Examination of Water and Wastewater. Density was determined gravimetrically and the pH
was measured with a pH meter (Crimson MicropH 2001).

Characterization of the organic fraction present in the condensed phase was performed by solvent
extraction followed by GC-MS. The condensate samples (5 mL) were acidified until pH=2 (H,SQO,, 97
%, Panreac), to ensure protonation of weak acid species and extracted three times with CHCI3 (Fisher
Scientific), 2 mL each extraction. The combined extracts were dried with anhydrous sodium sulphate,
filtered and derivatized with BSA (N,O-Bis(trimethylsilyl)acetamide, Sigma), to convert the carboxylic
functional groups into their trimethylsilyl derivatives. The chromatographic analysis of the extracts was
performed using a GC-MS analyzer (Focus GC, Polaris Q - Thermo) equipped with a DB-5 capillary
column (30 m length, 0.25 mm inner diameter and 0.25 pum film thickness). The extracts were injected
in split mode, at 250 °C and the GC temperature was programmed as follows: initial temperature of 35
°C, held for 5 min, increased to 260 °C at a rate of 5°C/min, and held for 1 min. The transfer line and
ion source temperatures were 260 °C and 200 °C, respectively. The organic compounds present in the
chloroform extracts were identified by comparing their mass spectra with those in NIST and WILEY
databases and with the retention time and mass spectra of corresponding standards (Organic acid profile
can be found in the Appendix, Figure A.4).

4.3. Results and Discussion

4.3.1. Characterization of raw material and produced chars

The thermochemical upgrading process converted the raw RDF sample to RDF chars with a darker
color and a more homogeneous appearance. In the char produced at 300 °C, it was still possible to detect
particle color gradients corresponding to different materials, whereas the char produced at 400 °C had a
uniform black color (Figure 4.3).

Figure 4.3: (a) Raw RDF, as received; (b) RDF char produced at 300 °C for 30 min and (torrefaction) (c) RDF
char produced at 400 °C for 30 min (carbonization).
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The tenacity of the RDF was reduced by thermal processing, since the produced chars were signifi-
cantly more brittle than the raw RDF, an advantageous characteristic for size reduction operations. Ac-
cording to observations by Verhoeff et al. (2011), raw RDF is difficult to mill, whereas after torrefaction,
the produced char is easily milled at room temperature.

The main product of torrefaction or carbonization of the raw RDF was the solid char (62.9 and 82.0
wt.%), but variable amounts of liquid and gas products were also formed during these processes, in
proportions that were dependent on the process temperature (in Figure 4.4).
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Figure 4.4: Solid, liquid and gaseous products distribution (wt.%) obtained with RDF torrefaction (300 °C) and
carbonization (400 °C).
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As expected, raising the temperature from 300 °C to 400 °C increased liquid and gas yields from 12.1
to 17.0 wt.% and from 5.9 to 20.1 wt.%, respectively. The reduction of the RDF mass during thermal
treatment is due to the vaporization of water and volatile components and to the thermochemical de-
composition of RDF to yield low to medium molecular weight products, a process that occurs at a larger
extent for higher temperatures.

The chemical compositions of the raw RDF and of the corresponding chars showed noticeable dif-
ferences, as detailed in Table 4.1.
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Table 4.1: Chemical properties of raw RDF and produced RDF chars, expressed as average values.
. RDF char RDF char
Parameter Unit RDF (300 °C, 30 min) (400 °C, 30 min)
Proximate analysis
Moisture wt.%, ar? 10.5 1.3 0.4
Volatile matter wt.%, db® 74.9 56.3 47.6
Ash 16.9 22.8 28.8
Fixed carbon 8.2 20.9 23.6
Ultimate analysis
C wt.%, daf® 41.1 61.0 80.2
N 2.5 13 1.9
H 5.6 6.2 8.4
S 0.4 0.3 0.3
0 50.4 31.2 9.2
Ash mineral composition
Ca wt.%, db 50.6 34.1 36.8
Fe 3.1 13.9 12.2
Ti 5.5 8.6 9.0
Cu 0.4 6.3 4.9
Zn 2.9 6.8 7.0
K 6.0 4.0 3.8
Si 21.6 16.3 16.1
Al 7.9 4.4 4.7
Mg - - -
P - 1.3 0.5
Others 2.0 4.0 5.0
Cl wt.%, db 0.7 1.8 1.9
HHV MJd.kg?, db 16.4 19.9 235
Energy yield %, db - 98.3 85.6

aar, as received basis; °db, dry basis; °daf , dry ash free basis.

While the raw RDF sample had a moisture content of around 10 wt.%, the RDF chars presented
residual moisture contents (below 1.5 wt.%) which is an advantage regarding storage and transportation,
since high moisture contents are related to low calorific values and microbial degradation(Samad et al.,
2017).

Significant devolatilization was observed at both temperatures, leading to a decrease in volatile mat-
ter of the chars formed at 300 °C and 400 °C (56.3 and 47.6 wt.%, respectively) when compared to the
volatile matter of raw RDF (74.9 wt.%). The RDF mass loss observed at 300 °C can be mainly attributed
to the decomposition of lignocellulosic materials, since hemicellulose, cellulose and lignin, are suscep-
tible to thermal decomposition in the temperature range of 225-500 °C (Prins et al., 2006a; Qi et al.,
2018). At 400 °C, both fractions are susceptible to thermal decomposition, as most polymeric materials
decompose at higher temperatures, in the range of 350 to 550 °C, due to the high stability of the C-C
bonds, that support their polymeric structures (Haykiri-Acma et al., 2017; Lépez et al., 2011; Park et
al., 2012).

As moisture and volatile matter are eliminated from the RDF, the non-volatile components (fixed
carbon and ash) are concentrated in the RDF char. Ash content reached values of 22.8 and 28.8 wt.%,
for the chars produced at 300 °C and 400 °C. These values represent an increment of 5.8 and 11.9 %,
respectively, relatively to the ash content of the raw RDF. On the other hand, fixed carbon also increased
from 8.3 wt.% for raw RDF to 20.9 wt.% and 23.5 wt.% for the RDF chars produced at 300 °C and 400
°C, respectively. This outcome is a common feature of these thermochemical processes and has been
described by other authors using RDF and MSW and biomass (Biatowiec et al., 2017; Recari et al.,

2017; Samad et al., 2017). As these two parameters (ash and fixed carbon) have opposite effects on the
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fuel heating value, the thermochemical conditions should be chosen in order to maximize this fuel prop-
erty.

High ash chars have limited application as fuels in combustion or gasification because there are sev-
eral related operational issues such as excessive ash deposition or slagging and fouling phenomena
(Akdag et al., 2016). The co-combustion of high-ash chars with less problematic fuels, such as biomass
or coal can still enable their energetic valorization with lower operational drawbacks (Casado et al.,
2016). In alternative to fuel applications, RDF chars may be explored for their material valorization as
activated carbon precursors (Gopu et al., 2018; Hajizadeh and Williams, 2013).

The quality of solid fuels is not only influenced by ash content but also by ash composition, therefore
that was a parameter determined for raw RDF and the RDF chars (Table 4.1). Ash composition deter-
mines its melting point thus affecting the fuel tendency to form solid deposits inside boilers or gasifiers.
The main components detected in the raw RDF and in the RDF char ash were calcium and silica (> 15
wt.%). Aluminum, potassium, zinc, titanium, iron and copper were present at concentrations lower than
15 wt.% and phosphorus was only detected in the RDF chars. A group of minor components with con-
centrations lower than 1 wt.% was not presented individually but as a sum of other mineral components
(Table 4.1). The torrefaction and carbonization processes caused an increase in the concentration of all
mineral components relatively to the raw RDF, except for calcium, silica, potassium and aluminum.
Also, the concentrations of iron, copper, potassium silica and phosphorus did not increase with the se-
verity of the thermochemical process, when the temperature was increase from 300 °C to 400 °C, re-
gardless of the decrease in char yield. This indicates that another process besides the concentration effect
of RDF mass loss is influencing the concentration of the non-volatile inorganic fraction. A possible
explanation is the dissolution or entrainment of the more abundant mineral components by the process
condensates, that are mainly composed of water. This phenomenon is analogous to the dissolution of
inorganic components during hydrothermal carbonization (Reza et al., 2013) and may occur especially
during the cooling phase of condensates and chars. A similar process explains the deposition of tar
components in the carbonaceous structure of the char, during torrefaction or carbonization of biomass
fuels (Kuzmina et al., 2016).

Bond breaking during torrefaction or carbonization favors the elimination of more electronegative
elements such as oxygen or nitrogen relatively to carbon or hydrogen (Vollhardt and Schore, 2007), a
tendency that will influence the elemental composition of the formed chars. Ultimate analysis showed
that carbon content increased from 41.1 wt.% to 61.0 wt.% and 80.2 wt.%, for the RDF chars produced
at 300 °C and 400 °C, respectively. Hydrogen content also increased with process temperature although
in a less pronounced way, reaching the highest value at 400 °C (8.4 wt.%). On the other hand, oxygen
content that was relatively high for the raw RDF (50.4 wt.%) due to the presence of the lignocellulosic
materials, decreased to 31.2 and 9.2 wt. % for the RDF chars produced at 300 °C and 400 °C, respec-
tively. The release of volatile oxygenated compounds during decomposition of hemicellulose, cellulose
and lignin from the RDF biomass component is the possible mechanism by which carbon is concentrated
in the RDF chars (Yue et al., 2017). Nitrogen and sulphur in RDF are also partially eliminated during
torrefaction or carbonization because their polar covalent bonds with carbon atoms are easier to break
than the non-polar C-C bonds that are relatively stable up to 400 °C. As a consequence, the RDF chars
presented lower concentrations of nitrogen and sulphur than the raw RDF, a positive characteristic re-
garding harmful NOx and SOx emissions during combustion.
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The relation between H/C ratio and O/C ratio for the raw RDF and resulting RDF chars is compared
in Figure 4.5 with similar data reported in the literature for different biofuels and fossil fuels showed for
comparison.
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Figure 4.5: van Krevelen diagram for the RDF and RDF chars produced at 300 °C and 400 °C. Fossil fuels and
biomass wastes are shown for comparison (van der Stelt et al., 2011).

While raw RDF had a composition comparable to biomass wastes, the RDF chars presented much
lower O/C ratios, similar to lignite (RDF char produced at 300 °C) or to bituminous coal (RDF char
produced at 400 °C). The H/C ratio of both chars is lower than the raw RDF, but higher than bituminous
coal or lignite reflecting a lower degree of aromatization of the RDF chars when compared with these
fossil fuels. The elemental composition differences observed between raw RDF and the RDF chars
clearly depicts a fuel upgrading effect brought by torrefaction and carbonization, regarding water re-
moval and oxygen elimination in the form of oxygenated volatile compounds through decarboxylation,
decarbonylation and dehydration reactions (Yue et al., 2017) occurring in both processes but more ex-
tensively in the carbonization range.

Oxygen reduction and carbon increase are also the primary reasons for the increase in HHV of the
RDF chars (Table 4.1). The char obtained at 300 °C had a HHV of 19.9 MJ.kg™* while the char produced
at 400 °C had a HHV of 23.5 MJ.kg™, values that are respectively, 21 and 43 % higher than the HHV of
the raw RDF (16.4 MJ.kg?).

Energy yield was 98.3 % and 85.6 %, for the processes at 300 °C and 400 °C, respectively, although
the RDF char obtained at 400 °C had a higher HHV than the one obtained at 300 °C. At 400 °C a higher
fraction of the RDF carbon was lost to the vapor phase, reducing mass yield to an extent that overcomes
the influence of the RDF char heating value on the energy yield. According to van der Stelt et al. (2011),
although there is a 30 wt.% mass loss during torrefaction, the torrefied product can retain up to 90 % of
the energy content, which is in accordance with the mass and energy yields obtained in the present work.
This increase in energy density after both thermochemical treatments, is of high relevance for the adap-
tation of these processes to an industrial scale because of the consequences at the levels of product
quality, transportation and logistics (Recari et al., 2017; van der Stelt et al., 2011).
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Chlorine content in the produced RDF chars was higher when compared to the raw RDF, and in-
creased with the treatment temperature, reaching values of 1.8 and 1.9 wt.%, at 300 °C and 400 °C,
respectively (Table 4.1). According to Hwang et al. (2007) these chlorine values are high enough to
cause problems during combustion, with the potential to damage several components of the thermal
conversion system due to high temperature corrosion. Contrary to the results obtained in this work,
several authors report a decrease in chlorine content for RDF or MSW after torrefaction or carbonization
(Edo et al., 2017; Recari et al., 2017; Yuan et al., 2015). The chlorine content, due to its volatility, is
reduced after the carbonization process, transitioning to the condensable and non-condensable gas phase
(Edo et al., 2017). The increase in chlorine content may be associated with chlorine re-condensation on
the RDF char surface, or chlorine adsorbed onto the organic and mineral phases of the RDF char
(Vassilev et al., 1999). Additionally, chlorine from the plastic component (PVC) of RDF is almost com-
pletely released under 400 °C, but there are also potential for the formation of inorganic salts such as
potassium or calcium chloride, which have boiling points significantly above 400 °C (Hwang et al.,
2006; S. V. Vassilev et al., 1999). This behavior can be expected for the torrefaction or carbonization
of chlorine-containing polymers in industrial units that are not usually equipped with gas purging sys-
tems by injection of an inert gas, because the continuous injection of a purging gas during the torrefac-
tion or carbonization process increases costs and energy requirements of the processes by introducing
another material input and potentially lowering the operating temperature (Sarvaramini and Larachi,
2014).

To evaluate the potential of water leaching in the upgrading of the RDF chars by chorine dissolution,
the RDF char was subject to leaching experiments, with water at room temperature and with water close
to its boiling point, using a Soxhlet apparatus (Figure 4.6). These experiments aimed to evaluate whether
chlorine was chemically bonded to the char structure or simply adsorbed on its surface or pores and
therefore accessible to water solvation.
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Figure 4.6: Chlorine removal efficiency (%) and high heating value (HHV) improvement (%) for the RDF chars
produced at 300 °C and 400 °C, after water leaching and Soxhlet extraction.

Both water leaching tests caused a reduction of chlorine content in the RDF chars, indicating that
this element is present in the form water-soluble chlorine compounds, that were formed during the tor-
refaction and carbonization experiments. The decrease was more accentuated in the RDF char produced
at 400 °C with Soxhlet extraction, reaching a chlorine concentration of 0.544 wt.%, which is below the
chlorine concentration of the raw RDF. Although carbonization at 400 °C is expected to lead to a higher
dechlorination degree than torrefaction at 300 °C, the chlorine content of the char obtained at 300 °C
was lower. This observation suggests that the char produced at 400 °C may have a more organized
structure with a higher porosity that is more favorable to chlorine adsorption. Other mineral components
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were also removed by the leaching processes since the ash content in the RDF chars decreased around
1 % for both chars after water leaching at room temperature and around 3 % after Soxhlet extraction,
which is beneficial to the RDF chars fuel properties. In particular, HHV of both chars was increased by
the washing treatments, reaching values of 22.5 and 26.7 MJ.kg™ for the chars produced at 300 and 400
°C, respectively, after the Soxhlet extraction with water. Nevertheless, this final treatment with hot water
must be optimized to minimize water use, by recycling the water through an ion exchange unit, and the
associated energy consumption must be considered in the process energetic balances.

4.3.2. Characterization of gaseous products

The release of gaseous products during torrefaction or carbonization occurs either by evaporation or
thermal decomposition of the raw materials. The amount of produced torrefaction emissions depends on
the composition of raw material, heating rate, temperature and residence time (Stelte, 2012).

The concentrations of the main gas products from torrefaction and carbonization of RDF are pre-
sented in Figure 4.7.
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Figure 4.7: Composition of the gas products for RDF torrefaction (300 °C) and carbonization (400 °C).

Excluding water, the major gas products from RDF torrefaction and carbonization were carbon di-
oxide and carbon monoxide which is expected from the thermal decomposition in an oxygen deficient
atmosphere. Carbon dioxide, carbon monoxide and water are formed by decarboxylation, decarbonyla-
tion and dehydration reactions, that occur during the thermal decomposition of lignocellulosic materials
(White and Dietenberger, 2001). There were also traces of hydrogen, with higher concentrations at 400
°C, while methane could only be detected at 400 °C. According to Wahid et al. (2017), at higher tem-
peratures, methane may be formed through methanation (reaction of carbon monoxide with hydrogen
to yield methane and water). Both process conditions yielded a concentration of volatile organic com-
pounds (VOCs) of 1280 ppm (expressed in total carbon). The composition of the gas products obtained
in this work are in line with other studies using different raw materials, such as willow, starch, straw
and larch (Prins et al., 2006b) or RDF and Stabilat (Stelte, 2012).
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4.3.3. Characterization of liquid products

Condensates from the torrefaction and carbonization of RDF included liquid formed and collected in
two condensation chambers (1% and 2™ collection points), as previously described (Section 4.2.2.). Lig-
uid fractions from the torrefaction process presented a lighter color than the ones produced at 400 °C, a
sign of the more extensive decomposition occurring at the higher temperature. Moreover, condensates
collected in the 1% collection point had a darker color and appeared to have particulate matter in suspen-
sion, probably corresponding to heavy non-polar products. The condensates collected in the 2™ collec-
tion point, had a lighter color and presented an oily upper layer, composed of water-insoluble liquid
products (Figure 4.8).

@ S —— 0 T

Figure 4.8: Condensates originating from RDF torrefaction (300 °C) and carbonization (400 °C): (a) 300 °C, 1%
collection point; (b) 300 °C, 2™ collection point; (c) 400 °C, 1% collection point; (d) 400 °C, 2" collection point.

As shown in Figure 4.4, condensate yield was 12.1 wt.% at 300 °C (635 mL) and 17.0 wt.% at 400
°C (992 mL), reflecting the influence of temperature increase on the thermochemical decomposition of
the raw RDF. At both collection points, the condensates had water contents of 95 % and 90 % for 300
°C and 400 °C, respectively (Table 4.2). A lower water content (45-56 %) was found in the condensates
produced during the torrefaction of bamboo between 250 and 350 °C (Chen et al., 2015a).

Table 4.2: Characterization of RDF torrefaction and carbonization liquid products. Results presented as average
values.

Process temperature

. 300°C 400 °C
Parameters Unit - - - -
15t collection 2" collection 1%t collection 2" collection
point point point point
Density g.cm3 0.99 0.98 1.00 1.00
Water content wt.% 95 95 90 90
COD g0, L? 13.5 36.5 39.2 69.3
pH 3 4 3 2

Chemical oxygen demand (COD) of the condensates recovered at the 2™ collection point, was higher
than COD of the condensates recovered from the 1% collection point, suggesting that volatile organic
components only recovered in the second condensation chamber contribute to this higher value. Chem-
ical oxygen demand also increased with the process temperature, reaching a value of 69.3 g O,.L™%, for
the condensate collected in the 2" collection point, after carbonization at 400 °C. The obtained values
indicate that these liquid phases have very significant amounts of suspended and dissolved solids that

must be removed before discharging this effluent. Nevertheless, these COD values are inferior to those
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measured by Fagérnas et al. (2015) for condensates from the torrefaction of spruce and bamboo, at
temperatures of 240-300 °C. The higher water contents and the lower COD values of the condensates
obtained in this work relatively to those reported (Chen et al., 2015a; Fagérnas et al., 2015) concerning
torrefaction of lignocellulosic materials, may be related with RDF composition, since the polymeric
fraction is less susceptible to thermal degradation than the lignocellulosic biomass, but also with the
possible adsorption of tar components on the char’s surface. This process is avoided in torrefaction
systems with injection of a purging inert gas, but has the advantage of promoting a higher retention of
carbonaceous species from the condensates in the char products, therefore increasing their yield
(Kuzmina et al., 2016).

The pH of all condensate samples was acidic, reflecting the presence of organic acids, which are
typical products of lignocellulosic biomass degradation (Chen et al., 2015a; Tumuluru et al., 2011).

The identification of the major organic compounds found in the chloroform extracts of the conden-
sates and their relative chromatographic peak areas are presented in Table 4.3. Figure 4.9 represents the
major chemical species present in the extracts. A representative chromatogram with corresponding iden-
tifications can be found in the Appendix (Figure A.5 and Table A.3).
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Table 4.3: GC-MS relative peak areas of the main organic compounds found in the chloroform extracts from the

condensates obtained in RDF torrefaction (300 °C) and carbonization (400 °C) experiments.

Relative peak area (%)

Compounds Molecular ~ CAS num- 300°C ond 400°C ond
formula ber 1%t collec- - 1%t collec- .
tion point colleguon tion point collep’uon
point point
Acids
Acetic acid C2H402 64-19-7 6.87 0.55 1.17 2.16
Oxalic acid C2H404 144-62-7 - - - 11.97
Propionic acid C3HeO2 79-09-4 2.59 0.58 2.52 1.48
Butyric acid C4HsO2 107-92-6 214 - 0.62 -
2-Methyl-2-furoic acid CeH6Os3 4412-96-8 0.76 - 0.74 -
Benzoic acid C7HsO2 65-05-0 21.40 0.35 21.80 1.06
Aldehydes
4,4-Dimethyl-2-pentynal C7H100 2579-21-7 - 1.75 0.87 0.37
Ketones
2-Ethylcyclopentanone C7H120 4971-18-0 - - 4.02 0.48
Dihydroxyacetophenone CsHsO3 1075-06-5 0.73 - 0.77 0.40
Guaiacylacetone Ci1oH1203  2503-46-0 - - 1.22 0.16
3-Hidroxy-2-methyl-4H-pyran-4-one CeHeO3 118-71-8 1.06 1.33 2.68 1.75
Alcohols
Butanol C4H100 71-36-3 0.95 3.28 1.29 1.81
2-Chloroethanol CIC2HsO  107-07-3 1.93 2.59 1.33 1.57
Octanol CsH1s0 111-87-5 - 1.36 - 1.38
Esters
Hydroxyethylbenzoate CoH1003 94-33-7 - - 3.04 -
Ethers
2,4,6-Trimethyl-(20,40,60)-1,3-dioxane  CeHsO3 19145-91-6 - - 0.53 <0.10
Furans
Furfural CsH402 98-01-1 17.4 50.31 13.82 7.22
2,4-Dimethyl-furan CesHsO 3710-43-8 0.22 - 0.59 -
Acetylfuran CesHsO2 1192-62-7 0.97 0.85 1.69 0.76
5-Methylfurfural CsHsO2 620-02-0 7.40 10.30 8.18 4.28
Aromatic Hydrocarbons
1,1-Biphenyl (CeHs)2 92-52-4 0.64 0.30 - 0.56
Benzonitrile CsHsCN 100-47-0 - 0.94 0.67 0.42
Ethylbenzene CsH1o 100-41-4 - - - 0.28
Xylene CsHio 1330-20-7 - - - 0.31
Styrene CsHs 100-42-5 - - - 1.65
2-Propenylbenzene CoH1o 300-57-2 - - - 0.47
1-Ethyl-2-methylbenzene CoH12 611-14-3 - - - 0.35
Cumene CoH12 98-82-8 - 0.49 - 0.16
Naphtalene CioHs 91-20-3 - - - 0.32
Phenatrene CuaH1o0 85-01-8 - - - 0.46
Phenols
Phenol CsHsO 108-95-2 4.27 1.98 9.01 2.22
4-Methoxyphenol C7HsO2 150-76-5 - - 1.59 -
2-Methoxy-4-methylphenol CsH1002 95-51-6 - - 0.60 -
2,6-Dimethoxyphenol CsH100s 91-10-1 0.42 - 1.15 -
3,4-Dimethoxyphenol CsH1003 2033-89-8 - - 0.84 -
Hydroquinone CeHeO2 123-31-9 0.88 - 0.50 -
Terpenes
3-carene CioH1s 13466-78-9 0.26 0.47 - 0.51
Total identified peaks (% peak area) 70.89 77.43 77.22 44.08

62



Chapter 4: Torrefaction and carbonization of RDF: Char characterization and evaluation of gaseous and liquid
emissions

mAcids
6.00E+07

@ Alcohols
8 5 00E+07 4 O Ketones
< B Aldehydes
L
f% 4.00E+07 T @Esters
g’ OFurans
5]
g 3.00E+07 T & Aromatic hydrocarbons
<EJ B Phenols
Q 2. +07 +
5 2.00E+07 @ Terpenes
2
2 B Ethers
<

1.00E+07 -

i I | = I =
0.00E+00 - - ."@ - e e | \ = R |y |

1st collection point |2nd collection point| 1st collection point [2nd collection point
300°C 400°C

Figure 4.9: Major chemical species present in the liquid phase of RDF torrefaction (300 °C) and carbonization
(400 °C) at different collection points, expressed in absolute peak area.

At 400 °C, in both collection points, it was possible to identify a larger number of compounds, as
well as heavier compounds, evidencing a higher degree of tar formation at this temperature. Increasing
process temperature yielded a higher number of phenols and carbonyl derivatives, which could be the
result of a more extensive decomposition of lignin from the RDF biomass component (Chua et al.,
2017). Also, more aromatic hydrocarbon molecules were identified at 400 °C, including two polycyclic
aromatic hydrocarbons (naphthalene and phenanthrene), which is expected because higher temperatures
favor condensation of aromatic compounds to form polycyclic structures (Richter and Howard, 2000).
Furans, alcohols and monocyclic aromatic hydrocarbons were consistently more abundant in the 2™
collection point as a consequence of the relatively high volatility of those components, relatively to
condensed aromatic hydrocarbons or phenols.

A higher presence of phenolic compounds at 400 °C was also detected. Furfural and 5-methylfurfural
presented the largest peak areas within the furan group, similarly to biomass torrefaction tars in which
these compounds are abundant as the result of direct ring-opening and rearrangement reactions of cel-
lulose molecules (Shen and Gu, 2009). The abundance of oxygenated compounds in the condensates
from RDF torrefaction or carbonization is an evidence of the deoxygenation of the original raw material,
justifying the low oxygen content of the chars formed at both process temperatures (Chen et al., 2018a).

The volume and complex composition of the condensates collected during these processes represents
one of the main issues that must be addressed when scaling up the torrefaction process. The recirculation
of torrefaction condensates through the raw materials prior to the thermal conversion process to retain
organic molecules (Chen et al., 2017), the separation of different organic compounds with added value
(acetic acid, furfural, phenol) (Fagérnas et al., 2015) or the use of these tars as additives in biomass
pelletizing processes (Stelte, 2012), are some of the processes proposed in literature to minimize the
environmental impact of these condensates and recover some of their organic content.

4.4. Conclusions

Torrefaction (300 °C) and carbonization (400 °C), converted RDF to chars with higher carbon content

and calorific value, thus upgrading the composition and properties of this waste derived fuel. Ash and
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chlorine concentrations increased with process temperature, but could be reduced by subsequent wash-
ing with hot water, yielding chars with even higher calorific values. Gaseous emissions were mainly
composed of carbon dioxide and carbon monoxide, with smaller amounts of methane and hydrogen.
Liquid emissions presented very high COD values and were mostly composed by water and organic
oxygenated compounds such as acids, furans and phenols.
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Chapter

Hydrothermal carbonization of RDF

Abstract

In this chapter, hydrothermal carbonization (HTC) was employed as an upgrading thermochemical
conversion process for Refuse Derived Fuel (RDF). The effect of process temperature (250 °C, 275 °C
and 300 °C), residence time (30 min and 120 min) and solid-to-water ratio (1:15 and 1:5) on the main
characteristics of the produced hydrochars and process waters, was assessed. Results illustrated that the
HTC process yielded hydrochars with upgraded characteristics such as reduced ash contents and in-
creased high heating values when compared to the original feedstock. The lower ash content was ob-
tained for the hydrochar produced at 300 °C for 120 min (3.3 wt.%, db), whereas the higher high heating
value was found for the hydrochar obtained at 275 °C for 120 min (28.1 MJ.kg™?, db). Hydrochars also
presented reduced chlorine contents, with the process reaching 55 % dechlorination efficiency at 300 °C
for 120 minutes. Furthermore, the obtained hydrochars presented significantly reduced oxygen and hy-
drogen contents, increasing their similarities with O/C and H/C profiles of fossil fuels. However, process
waters in all the conducted tests presented an acidic pH, high COD (maximum 27.2 gO..L™*) and signif-
icant concentrations of total phenolics and total reducing sugars. Various organic compounds were iden-
tified in the process waters, mainly organic acids, alcohols, furan derivatives, phenolic compounds and
aromatic hydrocarbons, and the process water obtained at the most severe process conditions presented
the higher number of identified compounds, highlighting the more extensive degradation occurring at
those conditions. Process performance was evaluated and the conditions of 275 °C, 30 minutes, solid-
to-water ratio of 1:5 were selected as optimal, since they presented the lower energy requirements to
operate (5.6 MJ), exhibited a positive net energy (8.5 MJ) and also presented the highest process energy
efficiency (52.6 %).

Keywords: Refuse Derived Fuel; Hydrothermal carbonization; Alternative solid fuel; Hydrochar; Pro-
cess water.

5.1. Introduction

Hydrothermal carbonization (HTC) has been considered one of the most promising and effective
thermochemical upgrading technologies for feedstocks with a high degree of heterogeneity and high
moisture or ash contents (Erdogan et al., 2015; Lin et al., 2017; Mihajlovi¢ et al., 2018; Reza et al.,
2013).

The hydrochar is the process product with higher potential for power generation, presenting high
hydrophobicity, high energy content as well as good grindability when compared with other chars pro-
duced by different thermal processes namely torrefaction or carbonization (Acharya et al., 2015; Kumar
et al., 2018). Besides their potential as solid fuels, hydrochars have also shown potential as catalysts,
soil ameliorants or adsorbents (Saha et al., 2018).
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Lately, a considerable amount of research has been conducted on HTC as a treatment and upgrading
process for different waste feedstocks such as food waste (Saqib et al., 2018; Wang et al., 2018b), agri-
cultural wastes (Ayoub Missaoui et al., 2017; Nakason et al., 2018; Pala et al., 2014), biomass wastes
(Gao et al., 2016; Makel& et al., 2015; Wu et al., 2017), algae (Lee et al., 2018; Park et al., 2018; Smith
and Ross, 2016), packaging and plastics (Lokahita et al., 2017; Yao and Ma, 2018) or sludges (Wilk et
al., 2019; Xu and Jiang, 2017). The HTC process allowed the conversion of all these feedstocks into
hydrochars with higher carbon content, lower ash content and higher calorific values than the corre-
sponding raw materials.

MSW has also been used in different studies as raw material for HTC (Berge et al., 2011; Hwang et
al., 2012; Kim et al., 2017; Lu et al., 2011; Mu’min et al., 2017). But, according to Lin et al. (2017),
due to the inherent variability of this type of waste, further investigation of MSW hydrothermal conver-
sion is necessary to achieve a more-detailed and clear understanding of the underlying reaction mecha-
nisms. Nevertheless, HTC seems to be responsible of yielding hydrochars with reduced chlorine content,
which is extremely important in order to use the hydrochars in fuel applications (Poerschmann et al.,
2015; Shen et al., 2017; Yao and Ma, 2018).

In spite of the positive features of the HTC process regarding hydrochar properties, the management
and valorization of the process water is one of the challenges that should be addressed to enable sustain-
able application of this process at industrial scale. This effluent contains high amounts of dissolved
organic and inorganic compounds that hinder its treatment. Furthermore, this effluent is produced at
large volumes because most processes are effective at solid-to-water ratios higher than 1:5 (m/v).

Characterization of HTC process water is necessary in order to define adequate treatment or valori-
zation pathways that are fundamental components of a sustainable HTC process. Recirculation of the
process water after hydrochar filtration was studied by Stemann et al. (2013) and Catalkopru et al.
(2017) and both works showed that this approach can increase hydrochar mass and energy yields. More-
over, Catalkopru et al. (2017) also showed that the number of recirculations decreases the leaching of
inorganic components, affecting the ash content of the hydrochars, and that the high heating value of
the chars is almost unchaged with the recirculation process.

Biomethane production through anaerobic digestion is also a solution for HTC process water, due to
the considerable amount of hydrolyzed sugars and organic acids that are present in this water (Erdogan
et al., 2015; Wirth and Mumme, 2013).

Since HTC process water is a highly contaminated effluent, remediation technologies, such as ad-
sorption or chemical precipitation could also represent a solution. Adsorption is a widespread
wastewater remediation technology because it is easily implemented and entails lower costs than other
technologies, like for example, reverse osmosis (Khadhri et al., 2019). According to Yorgun et al.
(2009) activated carbon is predominantly an amorphous solid with a large internal surface area and pore
volume, consisting of a basic structural unit building up of condensed aromatic rings. The pores in the
carbon contribute to increase its surface area and textural properties. These characteristics are responsi-
ble for its superior ability to remove of a wide variety of organic and inorganic pollutants from liquid or
gaseous media. Activated carbon is the most employed adsorbent in wastewater treatment, but besides
of this adsorbent there are several other materials that present adsorptive potential with lower associated
production costs, particularly if they derive from wastes. Hydrochars can also present strong sorption
capacities for both polar and non-polar organic contaminants due to their diverse surface functionalities
(Fang et al., 2018). Manyuchi et al. (2018) used char produced at 300 °C for 30 min, from municipal
organic waste, to treat municipal wastewater, and obtained removal efficiencies of 90 %, 89 %, 64 %
and 78 %, for COD, total suspended solids, Kjehldal nitrogen, and total phosphorous, respectively.

Chemical precipitation is another technique that is extensively applied in wastewater treatment. Dur-
ing this process, dissolved and suspended matter are converted via chemical reactions to an insoluble
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solid that precipitates. Precipitation has been used for the removal of non-biodegradable organic com-
pounds in highly contaminated wastewaters such as landfill leachates. A number of chemical agents
such as CaO, hydrated lime (Ca(OH)2) or struvite (Mg-NHs-POs), have been used as precipi-
tating agents (Kurniawan et al., 2006). For example, lime precipitation is applied for underground or
surface water treatment, because lime is capable of removing high molecular organic compounds (like
humic and fulvic acids) through complexation of Ca?* with these compounds. These organic species are
refractory anionic macromolecules containing both aromatic and aliphatic compounds with phenolic
and carboxylic functional groups (Renou et al., 2009).

The main goal of this chapter was the evaluation of the hydrothermal carbonization of RDF, by var-
ying process parameters and characterizing the two major products of this process: hydrochar and pro-
cess water. HTC tests were conducted by varying temperature, residence time and solid-to-water ratio.
The obtained products were subjected to different characterization analyses, in order to evaluate the
impact of process parameters and their potential applications. Furthermore, process performance was
calculated, which is very important information to evaluate the energetic viability of this process and
for planning and modelling scaled-up facilities.

Some preliminary tests of process water treatment through precipitation and adsorption were also
performed to provide some insight on treatment alternatives for this effluent.

5.2. Materials and methods

5.2.1. Raw material

The RDF sample used in this chapter was supplied by CITRI, S.A. RDF production scheme and
sampling has been performed as described in Chapter 3.

5.2.2. HTC experiments

HTC experiments were carried out using a 1 L stainless steel autoclave reactor (Parr Pressure Reac-
tor) coupled with an electric heater and a controller (Parr 4848 Reactor controller), under autogenic
pressure (Figure 5.1).

Figure 5.1: Stainless steel autoclave reactor used in the HTC experiments.

For each experiment, a given mass of the RDF (as received) was placed in the reactor and tap water
was added at a solid-to-water ratio of 1:15 or 1:5 (m/v). After sealing and removing air with a vacuum
pump, the reactor was heated to the desired carbonization temperature (250, 275 or 300 °C), kept at that

67



Chapter 5: Hydrothermal carbonization of RDF

temperature for a given residence time (30 and 120 min) and cooled to room temperature using an in-
ternal refrigeration coil, fed with tap water. When at room temperature, any residual gas products were
vented. The hydrochars and liquid products were separated by filtration through a pre-weighted quali-
tative filter paper. The hydrochars were washed with 1 L of deionized water, air-dried for 12 h and
oven-dried at 105 + 2 °C for 12 h. Afterwards, the hydrochar samples were equilibrated to room tem-
perature in a desiccator, weighted for yield determination and stored in air-tight containers until subse-
quent analysis. The liquid product (process water) was stored at 4 °C until further analysis.

99

The hydrochar samples were coded with “H-T-t/R” where “T” represents operating temperature, “t
represents residence time and “R” represents the solid-to-water ratio. For example, the code “H-275-
30/5” represents the hydrochar produced at 275 °C for 30 min with a solid-to-water ratio of 1:5. For the
process water samples a similar nomenclature was used “W-T-t/R where W stands for water sample and
the other symbols correspond to the same codification used for the hydrochars. The operational condi-
tions used in each HTC experiment are described in Table 5.1.

Table 5.1: Experimental layout for HTC experiments.

Temperature Residence Generated pres-  Solid-to-water Hydrochar Process water

(°C) time (min) sure (bar) ratio code code

250 30 40 1:15 H-250-30/15 W-250-30/15
275 30 60 1:15 H-275-30/15 W-275-30/15
275 30 60 1:5 H-275-30/5 W-275-30/5
300 30 88 1:15 H-300-30/15 W-300-30/15
250 120 40 1:15 H-250-120/15  W-250-120/15
275 120 60 1:15 H-275-120/15 W-275-120/15
300 120 88 1:15 H-300-120/15  W-300-120/15

5.2.3. RDF and hydrochar characterization

Prior to analysis the hydrochars were milled (DeLongui mill) and sieved (Retsch sieve) to a particle
size diameter < 500 um. All the determinations were conducted with replicates, and the results are pre-
sented as average values (variation coefficient < 10%).

Moisture content was determined according to CEN/TS 15414-3:2010. Volatile matter content was
carried out according to EN 15402:2011. Ash content was determined in agreement with EN
15403:2011. Fixed carbon content was calculated by difference, on a dry basis (db).

Elemental composition (CHNS) of the RDF and hydrochar samples was determined using an ele-
mental analyzer (Thermo Finnigan — CE Instruments Model Flash EA 112 CHNS series). Oxygen con-
tent was obtained by difference, on a dry ash free basis (daf).

Mineral composition of the RDF and hydrochar samples was determined through X-Ray fluores-
cence (Niton XL 3T Gold++).

High heating values (HHV) of the RDF and hydrochar samples were determined using a calorime-
ter bomb (IKA C200), using benzoic acid as a calibration standard.

Mass yield, energy density and energy vyield of the hydrochars were calculated based on equations
5.1, 5.2, 5.3, respectively:

Mass yield (%, db) = (m’lry:—’m) x 100 Equation 5.1
RDF
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Energy density = BV hydarochar Equation 5.2
HHVgpF
Energy yield (%, db) = Mass yield X Energy density Equation 5.3

where Maydrochar (Kg) and HHV hyarochar (MJ.kgt)-are the mass and high heating value of hydrochar; mgor
and HHVrpr are the mass and high heating value of RDF.

Chlorine content of the RDF and hydrochars samples was determined through X-Ray fluorescence
(Niton XL 3T Gold++). Dechlorination efficiency of RDF was estimated according to the following
equation:

Dechlorination ef ficiency (%) = (CIRDF_CCllhydTO':h“T) x 100 Equation 5.4
RDF

where Clror and Clhyarochar (Wt.%, db) correspond to the chlorine content determined in the RDF and in
the hydrochar, respectively.

Thermogravimetric analysis of the RDF and hydrochars was carried out using a thermogravimetric
analyzer (TA Instruments, SDT 2960 Simultaneous DSC-TGA), from room temperature to 800 °C with
a heating rate of 10 °C/min, under air atmosphere, with an air flow of 200 mL/min.

Surface morphology was analyzed for RDF and hydrochar samples through scanning electron mi-
croscopy - energy dispersive X-ray spectroscopy (NanoSEM, FEI Nova 200 (FEG/SEM)). The acceler-
ation voltage of 15 kV was used, sample distance was ~10 mm and the analyses were carried out with
x800 and x2500 magnifications. EDS results are presented in an atomic weigh basis (at.%).

The chemical functional groups on the hydrochars surface were identified by FT-IR. Infrared spectra
(4000-650 cm) were obtained based on the attenuated total reflectance (ATR) method using a FT-IR
Spectrometer (Nicolet iS10, Thermo Scientific) equipped with a diamond ATR attachment by using 128
scans at a resolution of 4 cm™.

5.2.4. Process water characterization

The liquid fractions obtained in each HTC experiment were characterized for their pH, conductivity,
chemical oxygen demand (COD), biochemical oxygen demand (BODs), total solids (volatile and fixed
solids), Kjeldahl nitrogen, total phosphorous, total phenolic compounds and total reducing sugars.

pH was determined with a pH meter (Crimson MicropH 2001 meter) and electrical conductivity was
measured by electrometric method (MC226 Conductivity meter Mettler Toledo). Chlorine content in
the process water was determined by titration according to the methodology described in EPA- SW-948
test method 9253. BODs was performed according to the OxiTop® methodology. Total phenolics were
measured by the Folin-Ciocalteau method, as described by Singleton et al. (1998). Total reducing sugars
content was determined by the DNS method, as proposed by Miller (1959). Evaluation of total solids,
Kjeldahl nitrogen, total phosphorous and COD was performed according to methods 2540B, 4500N org-
C, 4500P-E and 5220B, respectively, from the Standard Methods for Water and Wastewater.

Qualitative analysis of the organic fraction present in the process water was performed by solvent
extraction and GC-MS. The process water samples were acidified until pH= 2 using concentrated H,SO4
(95 %, Panreac), to ensure protonation of carboxylic acids. Each sample (5 mL) was extracted three
times (2 mL) with CHCIs (Fisher Scientific). The organic extracts were combined and dried with
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anhydrous sodium sulphate, and derivatized with BSA (N,O-Bis(trimethylsilyl)acetamide, Sigma). Fi-
nally, the extracts were analyzed in a GC-MS system (Focus GC, Polaris Q - Thermo), equipped with a
DB-5 capillary column (30 m length, 0.25 mm inner diameter, and 0.25 pm film thickness). The extracts
were injected in split mode, at 250 °C and the oven temperature was programmed as follows: initial
temperature of 35 °C, held for 4 min, increased to 150 °C at a rate of 4°C.min™, and increased to 280 °C
at 10°C.mint held for 5 min. The transfer line and ion source temperatures were 270 °C and 200 °C,
respectively. The organic compounds present in the chloroform extracts were identified by comparison
of their mass spectra with those from the NIST and WILEY databases.

5.2.5. Process water remediation

Preliminary process water remediation (total phenolic compounds and COD) was tested through
precipitation (batch mode) and adsorption (batch and column modes). For the batch tests, precipitation
was tested with biomass bottom ash, and adsorption was tested using powdered activated charcoal (PAC,
Panreac), hydrochar sample H-300-120/15, and RDF char sample produced at 300 °C for 30 minutes
(Chapter 3). Briefly, a designated amount of precipitant or adsorbent was put into contact with a mixture
of the process waters obtained in this chapter (in equal proportions), under magnetic stirring, for 20
minutes. The layout of the batch tests is described in Table 5.2:

Table 5.2: Experimental layout of the batch precipitation/adsorption tests for HTC water remediation.

Test Material Dose (g/L) Contact time (min) Temperature (°C)

B1 Biomass bottom ash 40

B2 PAC 20

B3 HTC-300-30 20

B4 RDF char 20 20 25

B5 PAC 10

B6 PAC 4

B7 PAC

After the established contact time, the mixtures were filtered, properly diluted, and total phenolic
compounds and COD were measured as described in Section 5.2.4. Removal efficiency, R (%), of the
HTC process water mixture was determined according to equation 5.5:

R(%) = (C"C_—Cf) x 100 Equation 5.5

0

where Co and Cs are the initial and final concentrations of total phenolics or COD, respectively.

For the adsorption column tests, glass columns (1 cm diameter and 14 cm height), were packed with
250 and 500 mg of PAC (Tests C1 and C2, respectively). Before adsorption the column was conditioned
with distilled water and the tests were conducted at room temperature. The mixture of HTC process
water was pumped in down flow mode at a fixed flow rate using a peristaltic pump (2.5 mL/min). Sam-
ples (effluent) were collected at fixed volumes of 10 mL. Breakthrough curves were established by
plotting C/C, versus effluent volume (mL), where C; is the effluent total phenolics concentration or
COD value, C, is influent total phenolics concentration or COD. Breakthrough time corresponded to the
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time at which C/C, equals 0.05 and exhaustion time corresponds to C/C, equal to 0.95 (Kumar and
Jena, 2016).

5.2.6. Process performance

Mass yield, energy density and energy yield of the hydrochars were calculated, as mentioned above
using equations 5.1, 5.2, 5.3.

The energy input (Qinput) and the net energy generation (Qre) of the HTC process were estimated
according to the works of Mau and Gross (2018) and Yu et al. (2018). The energy input during the
HTC process (Qinput), €xpressed in MJ, was calculated according to equation 5.6:

my (H ,HT_H RT )+MRDF . CRDF. AT .
Qinput = wlfh wir) L Equation 5.6

MRDF

where my (kg) and mrpr (Kg) are the amounts of water and RDF fed to the reactor; Hwnrand Hw rrare
the enthalpy of water at the final hydrothermal temperature and at room temperature, respectively;
C}?DFis the specific heat capacity of RDF, calculated as described in Chapter 3, using the selective dis-
solution method to assess the amounts of the biogenic and non-biogenic fractions of RDF and assuming
that the non-biogenic fraction is composed by equal amounts of polyethylene terephthalate and poly-
propylene (biomass, C50™4ss 1.70x10° MJ.kg*.K™*; PET, CFET = 1.05x10° MJ.kg™.K?; PP, CJP =
1.95 x10°% MJ.kgt.K?) (Collazo et al., 2012; Osswald and Hernandez-Ortiz, 2006).

The energy output (Qouput), €Xpressed in MJ, corresponds to the energy contained in the hydrochars
and was calculated through equation 5.7:

Qoutput = Mpydrochar X HHVhydrochar Equation 5.7

where Maydrochar (Kg) is the mass of hydrochar produced from HTC and HHV hyarochar IS the hydrochar high
heating value, expressed in MJ.kg™.

The net energy generation (Qret), expressed in MJ, corresponds to the balance between energy sup-
plied to the process and the energy recovered in the products and was calculated as follows:

Qnet = Qoutput — Qinput Equation 5.8

where Qinpu and Qouput are the HTC process outputs and inputs as evaluated by equations 5.6 and 5.7.

The HTC process efficiency (PEE) was calculated by the equation 5.9, similarly to the calculations
made in Chapter 3, as follows:

PEE (%) = Coutput x 100 Equation 5.9

(mrprXHHVRDF)+ Qinput

where HHVrpr (MJ.kg?) is the high heating value of the RDF sample; mgror the RDF mass introduced
in the reactor (1 kg for all energy calculations). Qinput and Qoutput are the HTC process outputs and inputs
as evaluated by equations 5.6 and 5.7.
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5.3. Results and discussion

5.3.1. Proximate and elemental analysis of RDF and hydrochars

The HTC process had a clear effect on the visual aspect of the solid products regarding their homo-
geneity. The process converted RDF into a dark hydrochar composed of uniformly-shaped particles, as
shown in Figure 5.2.

H-275-30/5
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Figure 5.2: Raw RDF and produced hydrochars in different conditions.

The variation of process parameters (temperature, residence time and solid-to-water ratio) did not
have a clear correlation with the color of the obtained hydrochars. The appearance of the hydrochars
produced at different temperatures, residence times or solid-to-water ratio was relatively uniform, unlike
what was observed for the RDF chars obtained by dry carbonization experiments (Chapters 3 and 4).

Furthermore, all the hydrochars were easily grinded by hand milling while the raw RDF could only
be homogenized using mechanical mills.

The results obtained for proximate composition, ultimate composition, mineral composition and fuel
properties of the raw RDF and of the produced hydrochars are summarized in Table 5.3.
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Table 5.3: Chemical characteristics and fuel properties of RDF and RDF hydrochars.

Sample
Parameter RDF H-250- H-275-  H-300- H-275- H-250- H-275- H-300-
30/15 30/15 30/15 30/5 120/15  120/15 120/15
Proximate analysis (wt.%, db®)
Moisture® 6.0 0.5 0.6 0.6 0.5 0.7 0.7 0.7
Volatile matter 85.1 81.8 80.4 82.7 80.4 79.6 80.6 79.8
Ash 10.7 4.8 4.7 3.8 53 4.1 4.3 3.3
Fixed carbon 4.2 134 14.3 135 14.8 16.3 15.1 16.9
Ultimate analysis (wt.%, daf®)
C 53.7 61.9 62.6 64.5 64.1 64.8 66.7 62.9
H 8.7 7.9 7.2 8.0 7.3 1.7 1.7 8.0
N 15 1.8 1.7 1.9 2.1 2.4 1.7 2.1
S 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0] 36.1 28.4 28.5 25.6 26.5 25.0 23.8 27.1
Mineral composition (mg.kg?, db)
Ca 63740.8 6556.3 5258.7 3209.0 85379 73349 5722.0 9906.6
K 4322.1 2477.3 2020.1 17254 18148 22321 2229.6 1717.6
Fe 16676.7 8875.8 4906.0 5398.2 131405 10930.6 72315 6673.7
Zn 1105.7 323.0 415.1 960.4 326.8 327.1 95.5 1239.6
Ni 0.0 316.0 440.0 676.4 472.4 354.0 845.7 882.6
Ti 1616.6 7237.2 9314.1 55145 41640 65256 6810.5 5168.1
Pb 171.8 89.8 153.6 187.2  2601.8 193.7 375 205.1
Cu 251.8 543.4 829.4 724.2 629.9 767.5 643.2 1006.3
Cr 304.4 521.0 679.9 5925 2942.0 558.6 807.1 548.5
Si 14943.8 22990.7 21068.0 38617.9 28922.8 32257.7 22493.7 22530.9
Fuel properties
HHV (MJ.kg?) 21.2 26.1 25.2 27.7 26.3 27.4 28.1 27.2
Mass yield (%, db) - 49.2 49.3 45.2 53.7 53.6 51.6 47.6
Energy density - 1.2 12 1.3 12 1.3 1.3 1.3
Eg)ergy yield (%, ; 60.4 587 592 665 693 683 61.0
Cl (wt.%, db) 2.03 1.27 0.91 1.01 1.08 1.06 0.90 0.95

Dichlorination
efficiency (%, db)
adb, dry basis; "Moisture was determined as received; °daf, dry ash free basis.

34.1 52.8 49.8 45.3 45.2 54.6 55.0

The raw RDF presented a moisture content of 6.0 wt.%, whereas the hydrochars presented values
between 0.5 and 1.4 wt.% for the same parameter, after air drying for 12 h, oven-drying for 12 h and re-
equilibration with atmospheric moisture. Thermal processing is expected reduce oxygen containing
functional groups at which water is adsorbed (Stemann et al., 2013). Also, according to Lu et al. (2011),
hydrolysis reactions occurring during HTC are responsible for the rupture of water bound to the raw
material, having as primary consequence an increase in the hydrophobicity of the hydrochars. This is an
important feature regarding fuel storage because fermentation processes that may potentiate self-ignition
and degradation due to microbial proliferation are minimized by reducing moisture and increasing the
hydrophobic character of the hydrochars (Kambo and Dutta, 2015).

Proximate composition results show that the volatile matter content of the RDF sample (85.1 wt.%)
was decreased to a range of 79.6 - 82.7 wt.% for the hydrochars. This reduction is mainly due to dehy-
dration and decarboxylation reactions occurring during the process (Tag et al., 2018), that in the case of

73



Chapter 5: Hydrothermal carbonization of RDF

the produced hydrochars were more extensive for 120 min, since sample H-250-120/15 presented the
lower volatile matter content (79.6 wt.%).

The hydrochars had ash contents from 3.3 to 5.3 wt.%, values that are 2.0 to 3.2 times lower than the
ash content of RDF. That is a specific characteristic of hydrothermal carbonization, that results from a
partial dissolution of the mineral components of the raw material in the process water (Broch et al.,
2014; Liu et al., 2013; Mihajlovi¢ et al., 2018). Increasing temperature and residence time had the effect
of reducing the ash contents of the hydrochar samples. Hydrochars obtained at 300 °C and 30 or 120
min, had ash contents of 3.8 wt.% and 3.3 wt.% respectively, while hydrochars produced at 30 min and
250 °C or 300 °C, had ash contents of 4.8 wt.% and 3.8 wt.%, respectively. This behavior can be at-
tributed to the dissolution of ash components in subcritical water, that is favored by the increase in
process temperature or residence time, and has also been reported by other authors using similar tem-
perature ranges (200-300 °C). For example, maximum ash content reductions of 20.4 % were observed
by Pala et al., (2014) for grape pomace hydrochars, and of 33.0 % by Mihajlovi¢ et al. (2018) for hy-
drochars produced from Miscanthus x giganteus biomass. Smith et al. (2016) performed HTC of various
biomass samples (willow, Miscanthus x giganteus, oak, greenhouse waste, food waste, secondary sew-
age sludge, anaerobic digestion press cake, macroalgae and microalgae), at 200 - 250 °C, using a solid-
to-water ratio of 1:10, and also observed a decrease in the ash content of hydrochars relatively to the
starting materials. Nevertheless, although ash content reduction is a consistent feature of the HTC pro-
cess, the concentration of individual ash components is not always reduced in the hydrochars, since ash
components have distinct solubilities in the process water. Therefore, the feedstock specific ash chem-
istry may lead to the concentration of individual ash components in the hydrochar, regardless of an
overall of ash decrease effect being also observed (Smith et al., 2016).

The ash contents of the hydrochars were also influenced by the solid-to-water ratio, presenting values
of 5.3 wt.% and 4.7 wt.% for the hydrochars produced at 275 °C and 30 min, using solid-to-water ratios
of 1:5 and 1:15, respectively. The influence of this parameter is relatively straightforward, since the
extension of ash dissolution is expected to increase as the volume of water available for that process
also increases.

The produced hydrochars presented increased fixed carbon contents, particularly the hydrochars pro-
duced at the longer residence times. For example, the fixed carbon contents of the hydrochars produced
at 300 °C and 30 min or 120 min were 3.2 to 4.0 times higher than the fixed carbon content of the raw
RDF sample. Fixed carbon is determined by difference from all the other proximate analysis parameters,
therefore, the obtained values are directly related with the decrease in volatile matter and in ash content,
as well as aromatization and repolymerization reactions occurring during the process (Lin et al., 2017).

Regarding the ultimate composition of the raw RDF and the corresponding hydrochars, the increase
in carbon content was an evident consequence of the HTC process. Carbon content of the hydrochars
was found to be between 15.3 - 24.2 % higher than that of the RDF, reaching the highest carbon incre-
ment for the sample H-275-120/15. The increase of carbon concentration may be directly related with
the elimination of other elements, such as oxygen or hydrogen, by devolatilization or dissolution in
subcritical water and was generally favored by the increase of temperature or residence time (Liu et al.,
2013). Nevertheless, increasing residence time from 30 min to 120 min, at 300 °C caused a decrease of
carbon content from 64.5 to 62.9 wt.%. Also, increasing temperature from 250 °C to 300 °C, for a resi-
dence time of 120 min, caused a decrease in carbon content from 64.8 to 62.9 wt.%. Thus, at higher
temperatures and residence times, carbon loss by devolatilization or dissolution may start to overcome
the elimination of oxygen and hydrogen that occurred at milder conditions, contributing to the observed
decrease of carbon concentration in the hydrochars.
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Hydrogen and oxygen contents showed lower values for the hydrochars than for the RDF, indicating
that aromatization of the carbon structure and deoxygenation are processes taking place during HTC
(Kambo and Dutta, 2015; Lin et al., 2017; Nizamuddin et al., 2017).

Nitrogen concentration increased with the HTC process, indicating that this element was retained in
the structure of the hydrochars. At both residence times (30 and 120 min) the nitrogen concentration in
the hydrochars increased when temperature was raised from 250 °C to 275 °C and decreased when tem-
perature was raised from 275 °C to 300 °C. This non-regular variation of nitrogen concentration in the
hydrochars produced at different operational conditions indicates that this element is not efficiently re-
moved from the raw RDF by the HTC process and variations of its concentration in the hydrochars may
be related to the dilution or concentration effects that result from the mobility of other elements. Chang-
ing the solid-to-water ratio from 1:15 to 1:5 increased nitrogen concentration in the hydrochars from 1.7
to 2.1 wt.%, an indication that reducing the volume of subcritical water available for dissolution of
nitrogenous organic compounds, further increased their retention in the hydrochar structure. According
to Wang et al. (2018) higher nitrogen concentrations in hydrochars from food waste can be attributed to
polymerization reactions occurring at high temperatures and also to absorption of nitrogen containing
substances present in the reactive medium.

Sulphur was not detected in the raw RDF or any of the RDF hydrochars.

The relative variations in hydrogen, oxygen and carbon contents of the produced hydrochars can be
further assessed by analyzing changes in the corresponding O/C and H/C atomic ratios. These ratios can
be related to the coalification degree of RDF after HTC, as well as with the reaction pathways involved
in the process (Zhuang et al., 2018), and are represented in the van Krevelen diagram (Figure 5.3).
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Figure 5.3: van Krevelen diagram comparing the produced hydrochars, RDF, biomass wastes and fossil
fuels (van der Stelt et al., 2011).

The RDF sample had an O/C ratio lower than pine biomass or forestry wastes and an H/C ratio higher
than those biomass wastes, reflecting the presence of polymeric materials with high carbon and hydro-
gen contents such as polyethylene or polypropylene. The O/C ratios of the produced hydrochars were
slightly lower than that of lignite while their H/C ratios were comparable to that of pine biomass. Thus,
HTC promotes a clear deoxygenation effect while retaining a fraction of the C-H bonds. This effect is
mostly related with dehydration and decarboxylation reactions that enhance the coalification degree
through the removal of oxygen and hydrogen atoms (Table 5.3), releasing water and carbon dioxide
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(Kim et al., 2017; Zhuang et al., 2018). The lowest atomic ratios were observed for sample H-275-
120/15, as expected from the proximate and ultimate analysis results. The hydrochars position in the
van Krevelen diagram was close to the coal region that begins at O/C of 0.23 and H/C of 0.9 (Minaret
and Dutta, 2016).

Mineral composition of the raw RDF and of the produced hydrochars is presented in Table 5.3. So-
dium is not detectable by the XRF equipment used and magnesium and cadmium were below the detec-
tion limit for all the samples tested, hence these elements were not included in this analysis. The main
inorganic components of RDF and of the RDF hydrochars were calcium, iron, and silica. Dissolution in
process water was not equivalent for the different mineral components and therefore their concentration
increased or decreased in the hydrochars accordingly to their water solubility and to the homogeneity of
their distribution in the RDF sample. The concentrations of calcium, potassium and iron were signifi-
cantly reduced in the hydrochars which is coherent with the relatively high solubility of these elements’
salts or oxides in water. On the other hand, the concentrations of elements such as copper, nickel, tita-
nium, chromium and silicon increased in the hydrochars as a result of their poor water solubility and of
the elimination of water-soluble components. For some mineral components like zinc or lead a random
behavior was observed, suggesting that they may be heterogeneously distributed in the RDF sample and
not always available for dissolution in process water. Table 5.4 summarizes the variation of the mineral
composition of the hydrochars expressed as element removal efficiency (ERE %). Positive values ex-
press effective removal of the element from the RDF and therefore decrease of its concentration in the
hydrochars while negative values express element retention in the hydrochar structure.

Table 5.4: Element removal efficiency of the HTC process regarding the different mineral components, evaluated
as ERE (%) = (Cror-Chydrochar)/Cror).100, where Cror is the element concentration in the RDF and Chydrochar rep-
resents element concentration in the hydrochars.

Element removal efficiency (%)

Metal H-250- H-275- H-300- H-275- H-250- H-275- H-300-
30/15 30/15 30/15 30/5 120/15 120/15 120/15
Ca 89.7 91.7 95.0 86.6 88.5 91.0 84.5
K 42.7 53.3 60.1 58.0 48.4 48.4 60.3
Fe 46.8 70.6 67.6 21.2 34.5 56.6 60.0
Zn 70.8 62.5 13.1 70.4 70.4 914 -12.1
Ti -347.7 -476.2 -241.1 -157.6 -303.7 -321.3 -219.7
Pb 47.7 10.6 -9.0 -1414.3 -12.7 78.2 -19.4
Cu -115.8 -229.3 -187.6 -150.1 -204.8 -2454.0 -299.6
Cr -71.1 -123.3 -94.7 -866.5 -83.5 -165.2 -80.2
Si -53.8 -41.0 -158.4 -93.5 -115.9 -50.5 -50.8

Calcium was the less retained mineral component with reductions up to 95.0 % for the hydrochar H-
300-30/15 and exhibiting a positive correlation between temperature and element removal efficiency,
for the tests performed at 30 minutes (p=0.992, see Appendix, Figure A.9). Potassium concentration
was also reduced as temperature increased, (p=0.992, see Appendix, Figure A.9), achieving its lower
value for the sample H-300-120/15. Decrease of iron concentration was highest for the sample H-275-
30/15 and was also positively correlated with temperature (p=0.804, see Appendix, Figure A.9). Ac-
cording to Reza et al. (2013) inorganics like calcium, magnesium and potassium are easily removed, in
a range of 50-90 % only by hot water leaching, as such HTC is usually very effective in removing these
inorganic species. Wst et al. (2019) also stated that alkali salts dissolve faster in the reaction medium
water resulting in the modification of the organic structure during HTC.
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Slagging and fouling phenomena are mostly related with alkali metal reactions (with silica forming
alkali silicates or with sulphur to form alkali sulphates). Although silica content is increased, the reduc-
tion in potassium (as well as chlorine reduction) can contribute to a reduction in the hydrochar’s ten-
dency to exhibit these ash related phenomena (Smith et al., 2016).

Silicon content dominates the mineral fraction of the hydrochars, and its concentration increases
significantly for hydrochar sample H-300-30/15, and its removal efficiency is positively correlated with
temperature (p=0.812, see Appendix, Figure A.10).

Titanium, lead, copper and chromium had negative removal efficiencies, that is, they were concen-
trated in the hydrochars. This is an undesirable outcome of HTC, since some of these heavy metals will
be concentrated in the hydrochar ash after combustion or gasification thus increasing the hazardous
character of those ashes (Reza et al., 2013). The observed concentration of heavy metals was not ob-
served for hydrochars obtained from various biomass materials, like corn stover, Miscanthus x gigan-
teus, switch grass and rice hull (Reza et al., 2013). These different behaviors may be related to the
different concentrations of those elements in the raw materials and also to their chemical state within
those matrices, that may strongly influence their mobility to the water phase.

The values obtained for high heating value, energy density, dechlorination efficiency, mass and en-
ergy vields, regarding the hydrochars produced in the HTC tests are presented in Table 5.3.

The higher heating values (HHV) of the hydrochars were always higher than that of the raw RDF,
therefore confirming the positive effect of HTC in this fuel quality parameter. Residence time seemed
to have a significant role in the increase of HHV since the hydrochars produced at 250°C and 275 °C,
during 120 min presented higher values for this parameter than those produced at the same temperatures,
during 30 min. Except for sample H-275-30/15, all the hydrochars presented HHV higher than lignite
(25.7 MJ.kg?) (Liu et al., 2013).

The mass yield of the hydrochars decreased with increasing temperature except for the tests per-
formed at 250 °C and 275 °C during 30 min, that had comparable mass yields. This behavior may be
attributed to a higher extent of devolatilization and water dissolution of the RDF components, since both
processes are favored when temperature is increased (Nakason et al., 2018). The mass yield of the hy-
drochars had a positive correlation with the residence time, indicating that condensation or adsorption
phenomena that contribute to an increase of hydrochar mass may occur more extensively as residence
time increases. Higher values for hydrochar mass yield with increasing residence time have been re-
ported by other authors using food waste (Zhao et al., 2018) and pine biomass (Wu et al., 2017). As the
feedstock decomposes during HTC, it also partially dissolves in the aqueous medium but for longer
residence times the dissolved compounds are more likely to undergo polymerization and cross-linking
reactions leading to their deposition on the surface of the hydrochar and therefore enhancing its mass
yield (Lin et al., 2017; Zhao et al., 2018).

Energy density is the ratio between the heating value of the solid product (hydrochar) and of the raw
material (RDF), and therefore, it expresses the upgrading effect of the process in a fuel property, regard-
less of the corresponding mass yield. For the HTC experiments included in this work, energy density
was 1.2 for the experiments performed at 250 °C and 275 °C using a residence time of 30 min, and 1.3
for the remaining conditions. Thus, the HTC process enabled the conversion of the RDF to hydrochars
with a calorific value 20 — 30 % higher, reflecting the modifications of composition and density of the
raw material.

The energy yield combines energy density data with the corresponding mass yield, therefore it
measures how much energy of the original raw material is retained in the hydrochar (Nakason et al.,
2017). The energy yields of the produced hydrochars followed the same tendency as the mass yields,
because the energy density was a fairly constant parameter for the different tested conditions. HTC

77



Chapter 5: Hydrothermal carbonization of RDF

conducted at 250 °C and 275 °C for 120 minutes, presented the highest energy yield values with 69.3 %
and 68.3 %, respectively. This observation is coherent with the influence of operating temperature and
residence time in the mass yield. As mentioned above, increasing temperature leads to a higher decom-
position and dissolution rate, while longer residence time allows condensation reactions like polymeri-
zation of the degraded components of the feedstock and their precipitation onto the hydrochar’s surface
(Funke and Ziegler, 2010). According to Kambo and Dutta (2015), energy Yield also increases because
these degraded intermediates from biomass decomposition, have very significant HHV, and as they
precipitate they are not only responsible for mass yield increase but also energy yield.

The solid-to-water ratio of 1:5 had a positive impact regarding mass and energy yield. Sample H-
275-30/5 had increments of 4 % and 7.8 % on mass and energy Yields, respectively, when compared to
sample H-275-30/15. This observation is in accordance with the increments of ash content, fixed carbon
content and carbon concentration of the hydrochar, found when the solid-to-water ratio was reduced
from 1:15to 1:5.

HTC also reduced the chlorine concentration of the RDF presenting dechlorination efficiencies from
34.1 % (H-250-30/15) to 55 % (H-300-120/15). Different authors also report significant chlorine de-
crease in hydrochars obtained by HTC of: mixtures of medical wastes and lignocellulosic biomass (Shen
et al., 2017), PVC (Poerschmann et al., 2015) or MSW (Prawisudha et al., 2012) and mixtures of bam-
boo and PVC (Yao and Ma, 2018). This result could reinforce that organic chlorine (present in RDF
through PVC residues) could be effectively converted to inorganic chlorine by HTC (Matsakas et al.,
2017; Shen et al., 2017) and that higher temperatures, such as 300 °C, favor higher dechlorination de-
grees (Poerschmann et al., 2015).

5.3.2. Thermogravimetric analysis

The thermal degradation profile of the RDF and of the produced chars in an oxygen-rich atmosphere
was evaluated by their thermogravimetric profiles in air atmosphere, that are represented in Figure 5.4.
These results display the TGA and DTG curves of the raw RDF and of the samples H-250-30/15, H-
300-30/15 and H-300-120/15, in order the discuss the influence of temperature and residence time on
the thermal decomposition behavior of the produced hydrochars, under combustion conditions.
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Figure 5.4: TGA and DTG profiles of: (a) RDF; (b) H-250-30/15; (c) H-300-30/15 and (d) H-300-120/15.

The first decomposition step is normally attributed to the loss of moisture and small volatiles and it
represented around 4.4 %, 2.9 %, 2.9 % and 2.5 % of mass loss for RDF, H-250-30/15, H-300-30/15
and H-300-120/15, respectively. The DTG peaks in the temperature range between 55-60 °C of the hy-
drochars are smaller in comparison with the RDF, and decrease with increasing temperature and resi-
dence time, is in accordance with the reduced moisture and volatile matter contents of the hydrochars.

The second thermal decomposition stage that occurs between 220 to 390 °C corresponded to a higher
mass loss for all samples, but in particular for the RDF that reached a value of 49.8 %, with a maximum
weight loss rate at 328 °C. Hydrochars lost significantly less mass during this stage with sample H-250-
30/15 losing 43.4 %, H-300-30/15 losing 33.7 % and H-300-120/15 29.5 %. This indicates that a frac-
tion of the lignocellulosic materials present in the raw RDF were converted to more thermally stable
carbonaceous structures that were less degraded in this temperature range. Biomass structural compo-
nents, cellulose (250-350 °C), hemicellulose (200-300 °C) and lignin (200-500 °C) decompose at the
indicated temperature ranges, and their conversion to CO,, H,O, CO and CH, is largely assumed to
justify most of the mass loss observed during combustion of lignocellulosic materials (Carrier et al.,
2011; Mihajlovi¢ et al., 2018). Increasing the temperature and residence time of HTC reduced the mass
loss suffered by the corresponding hydrochars at temperatures from 220 to 390 °C. This result highlights
the effect of higher temperatures and residence times in the degree of molecular rearrangement and
decomposition caused by the HTC process (Akdag et al., 2016).

The RDF sample presents two more mass loss curves, one from 350 °C to 510 °C corresponding to
35.7 % loss, and the other one from 510 °C to 690 °C losing 3.3 % of its mass. The mass loss observed
in the temperature range of 510 to 690 °C is consistent with the thermal decomposition of some poly-
mers, for instance, polyethylene that decomposes above 400 °C (Lokahita et al., 2017). The mass loss
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observed at 640 °C could be attributed to char combustion or reactions between chars and volatiles, or
metals such as aluminum (Lokahita et al., 2017).

The hydrochars had the major fraction of their mass loss at temperatures from 390 °C to 690 °C, with
a maximum weight loss rate varying from 427 °C to 461 °C. The differences of thermal decomposition
behavior between the RDF and the RDF hydrochars, for temperatures higher than 390 °C, suggests that
the polymeric fraction of RDF was also affected by the HTC treatment. Sample H-300-120/120 pre-
sented the highest mass loss with 56.2 % indicating the more extensive decomposition of RDF took
place during HTC at these conditions.

5.3.3. Structural properties of RDF and hydrochars

Microscopic observations of the RDF and the produced hydrochars reveal some morphological al-
terations brought by the HTC process. Figure 5.5. depicts the SEM images of RDF and of samples H-
250-30/15, H-300-30/15 and H-300-120/15 obtained at different temperatures and residence times.

Mag 800x Mag 2500x EDS zones

RDF

H-250-30/15

H-300-30/15

H-300-120/15
Figure 5.5: SEM images for: (a) RDF, (b) H-250-30/15; (c) H-300-30/15 and (d) H-300-120/15.
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The surface morphology of RDF was quite fibrous and smooth, denoting some rigidity. After HTC,
substantial changes on the surface morphology could be perceived, in spite of the large heterogeneity
inherent to these samples. One of the more evident changes is related to the degradation of the fibrous
structure into fragments with groves and holes that could be detected in the three hydrochar samples.
Hydrochars presented a more disordered structure, particularly sample H-300-30/15 showing visible
cracks that may be related to the release of volatile matter during the thermal process (Ma et al., 2016;
Sagqib et al., 2018).

Elemental composition of three distinct zones (Z1, Z2 and Z3) for the RDF and hydrochar samples
is present in Table 5.5. These zones were selected based on obvious differences assessed through Figure
5.5.

Table 5.5: Localized elemental composition (Z1, Z2 and Z3) in the raw RDF and in three hydrochar samples,
obtained through EDS.

Sample

E(Li”lzr;t RDF H-250-30/15 H-300-30/15 H-300-120/15
Z1 722 z3 71 722 73 721 22 z3 71 722 73
CKa - - T 8065 8205 - 8515 3456 74.64 T 6472 6330
OKa 8793 2894 3236 17.96 1794 - 1485 4464 1671 86.86 354 26.56
AlKa 172 090 100 047 . - . 399 676 052 3.96
SiKa 322 5493 246 093 - . 2080 449 639 066 4.76
ClKa 190 ; ; - . - ; - ; - ;
KKo 188 - ; - - - ; - ; - 0.25
Na Ko - - - - - - - - - - - 0.07
CaKo 334 216 63.82 - . - - 017 ; - 020
Mg Ka - 738 - - - - - - - - - 040
Fe Ka - 568 ; - . - ; - . 3057 052
P Ko - - 036 ; . - ; - ; - ;
Sum 100 100 100 100 100 100 100 100 100 100 100 _ 100

The EDS results highlight the high degree of heterogeneity of these samples, reflected in the presence
of different elements with variable concentrations in the selected zones for each sample. Carbon was
not detected in any of the selected zones for the RDF sample while the three hydrochars all had signifi-
cant carbon contents in at least two of the selected areas, reinforcing the already established carbon
increase (discussed in Section 5.3.1.). Furthermore, chlorine was only detected for the RDF sample,
additionally demonstrating the dechlorination efficiency of the HTC process. Aluminum and silicon
were found in the four samples, whereas potassium, sodium, magnesium and iron were detected for the
RDF sample and in Z3 for sample H-300-120/15. Sodium and magnesium were below the detection
limit using the XRF technique but were detected through EDS, albeit in very low concentrations, and
not for all the samples. As already discussed in Section 5.3.1 alkali (Na and K) and alkali-earth metals
(Ca and Mg) are easily dissolved in the aqueous phase, and their reduced presence in the hydrochar
samples compared with the RDF can indicate reduced potential for ash-related issues in energy applica-
tions. This is a clear advantage of HTC over conventional torrefaction or carbonization, which present
a concentration effect yielding higher ash contents.

The FT-IR analysis enables further understanding of the structural composition of the raw RDF and
the produced hydrochars, and underlines differences in functional groups between the raw RDF and the
hydrochars obtained at different temperatures and residence times (Table 5.6).
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Table 5.6: FT-IR peak frequencies (cm™) and corresponding assignments for RDF and hydrochars samples.

Sample
H- H- H- H- H- H- H- Assignment
RDF  250- 275-  275-  300- 250- 275- 300- g

30/15 30/15 30/5 30/15 120/15 120/15  120/15
O-H stretching in hydroxyl and
3296 3295 3295 3295 3296 3295 3295 3296 carboxyl groups (Yao and Ma,
2018).
2914 2914 2915 2915 2915 2915 2915 2914 C-H stretching in aliphatic me-
thyl, methylene and methine
2846 2848 2848 2846 - 2847 - " groups (Shen et al., 2017).
C=0 stretching in quinone, con-
jugated ketone, amide or car-
boxylic acid (Coates, 2000; Wu
etal., 2017).
C=C stretching in aromatic
rings (Catalkopru et al., 2017).
C-H bending in methyl group
(Coates, 2000).
Aryl-O stretching in aromatic
ethers (Stemann et al., 2013).
C-O stretching in phenolic hy-
1206 1201 1206 1202 1202 1206 1206 1206 droxyl group (Coates, 2000;
Yan et al., 2017)
- 1107 1107 1099 1101 1109 1098 1095 C-O stretching in ethers (alkyl
substituted or large cyclic
- 1031 1030 1030 1030 1031 1031 1029 ethers) or C-N stretching in pri-
mary amines (Coates, 2000).
C-H out-of-plane bending in ar-
omatic rings (875-650 cm™)

- 1692 1692 1691 1691 1692 1691 1691

- 1591 1596 1587 1587 1587 1587 1585

1443 - - - 1443 - 1443 1440

1264 1254 1251 1263 1263 1257 1264 1264

i i 8l 782 78l i 782 782 (Saqib et al., 2018; Wu et al.,
2017)

C-Cl stretching in aliphatic

663 669 668 668 651 668 669 668 chloro compounds (800-600

cmt) (Shen et al., 2017)

The peaks at 3295 and 3296 cm™?, which are attributable to O-H stretching vibration in hydroxyl or
carboxyl groups, although present in all the samples, became weaker as HTC temperature and residence
time increased due to dehydration and decarboxylation reactions. This observation is in accordance with
the results depicted in the van Krevelen diagram (Figure 5.3) and it can also mean a higher degree of
hydrophobicity from the hydrochars, which is a very important feature regarding storage of solid fuels
(Liu et al., 2013). According to Stemann et al. (2013), process water is chemically bound to the HTC
char especially by OH- groups, as such a decrease of this particular functional group can represent better
dewaterability, which is important in the application of hydrochar in combustion applications.

C-H stretching of methyl, methylene and methine groups, are reflected in peaks at 2914-2915 cm™*
and 2846-2848 cm*. These groups are present in hemicellulose, cellulose and lignin, and peak intensity
decreases for all hydrochar samples, particularly samples H-300-30, H-275-120 and H-300-120, that
represent the more severe HTC conditions. This could be related with the more extensive oxidation of
the biomass components occurring at these conditions. Peaks presented at 1691-1692 cm™* and 1585-
1591 cm* were not detected in the RDF spectrum. These peaks correspond to C=0 and C=C stretching
in aromatic rings, and became more intense with increasing temperature and residence time, reflecting
an increase in the occurrence of carbonyl derivatives and in the aromaticity of the carbonaceous struc-
ture. The hydrochar produced at a higher solid-to-water ratio (1:5) also presented increased peak inten-
sity at these wavenumbers. These results indicate condensation and polymerization reactions may occur
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more extensively for longer reaction times or a smaller water volume, a trend also reflected in the higher
mass yield obtained for samples H-275-30/5, H-250/120 and H-275/120. Peaks at 781-782 cm?, that
were not detected in the raw RDF indicate that the HTC process involves some degree of aromatization
of the carbonaceous structure, since these peaks are assigned to C-H bending in aromatic rings. The
presence of these peaks only in the hydrochars produced at 275 °C and 300 °C, confirm that higher
temperatures favor these aromatization reactions (Saqib et al., 2018).

Peaks corresponding to Aryl-O stretching in aromatic ethers (1248-1264 cm™) and C-O stretching in
the hydroxyl group of phenolic compounds (1202-1206 cm?), increased with process temperature, being
more pronounced in samples H-275-30, H-300-30, and showed a slight decrease for the longer residence
time. These peaks correspond to lignin interactions, and as lignin has a more difficult degradation pro-
file, the reduction in intensity is in accordance with the HTC conditions used (Liu et al., 2013).

The decrease in chlorine content can also be related to the FT-IR data, since the peaks at 651-669
cmt are significantly smaller for the hydrochars when compared to the original RDF sample.

5.3.4. Process performance

Evaluation of energy balance of the HTC process was done by estimation of the energy necessary
for the process to occur (Qinpu) and the energy that is obtained from the process products (Qouput). The
difference between these two terms is the net energy generation (Qne:) that should be zero for an auto-
thermal process (Mau and Gross, 2018; Yu et al., 2018). The energy contained in the raw materials is
not considered in this balance because the purpose is to evaluate if the energy recovered in the products
is enough to ensure the process energy needs or if further energy inputs are necessary.

In order to estimate the specific heat capacity of the RDF sample (C;,?DF ), its composition as deter-
mined through the selective dissolution method was taken into account. The RDF sample contained 65.9
% biogenic components (lignocellulosic materials) and 24.2 % non-biogenic components (polymers).
The non-biogenic component was considered to be composed of equal amounts of polyethylene tereph-
thalate and polypropylene. The CPF was evaluated as the weighted average of the specific heat capac-
ities of a lignocellulosic material, polyethylene terephthalate and polypropylene, as described in Section
5.2.6.

The heat requirements of the HTC process (Qinput), to0k into account the energy necessary to heat the
RDF and the water present in the reactor from room temperature to the operating temperature but did
not include a term for water vaporization because unlike what happens during dry carbonization (Chap-
ters 3 and 4), during HTC phase change is avoided due to the autogenous pressure that keeps water in a
condensed state (Mau and Gross, 2018). Recirculation of the residual gas phase through the feed may
provide the heat needed for drying raw materials or contributed in the drying stage of the hydrochars
(Tran, 2018). Furthermore, mechanical dewatering of the hydrochars can be facilitated by the higher
hydrophobicity of these products, and it has potential to require lower operating temperatures in the
mechanical process (Lin et al., 2017; Stemann and Ziegler, 2011). Evaporation of water from the liquid
phase was also not accounted for, since this liquid product may be used as produced, for recirculation
in the HTC process, for anaerobic digestion or for irrigation purposes (Kambo et al., 2017; Stemann et
al., 2013) .

Furthermore, Qouput CONsiders only the energy content of the hydrochar, since the residual heat of the
hydrochar products and the energy contained in some residual gas products were assumed to be used for
drying raw materials and hydrochar products.
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The process energy efficiency takes into account the Qinput, Qoutpur @and the energy content of the raw
RDF, according to equation 5.9 of Section 5.2.6. Results for the energy calculations are presented in
Table 5.7.

Table 5.7: Energy balance for HTC of RDF.
Process conditions Energy calculations

T €0) Solid-to: t_ Hydrochar CRPF Qinput Qoutput Qret PEE

water ratio (min) yield (%) (MJ.kgtK?) (MJ) (MJ) (MJ) (%)
250 1:15 30 49.2 14.45 12.81 -1.64 35.9
275 1:15 30 49.3 16.06 12.43 -3.62 334
275 1:5 30 53.7 5.60 14.10 8.50 52.6
300 1:15 30 45.2 1.5x1073 17.67 12.55 -5.11 32.3
250 1:15 120 53.6 14.45 14.70 0.24 41.2
275 1:15 120 51.6 16.06 14.48 -1.58 38.9
300 1:15 120 47.6 17.67 12.93 -4.73 33.3

As expected, the energy necessary for heating the process water gives a major contribution to the
input energy and is the key energy requirement that is specific to HTC. Increasing the temperature and
decreasing the solid-to-water ratio caused significant increases of Qinput. FOr example, the decrease of
the solid-to-water ratio from 1:5 to 1:15 caused a 2.9-fold increase of Qinput. INCreasing the temperature
also had a negative effect in Qoupui, Decause the associated decrease of the hydrochar mass yield out-
weighs the increase in the hydrochar calorific value. Thus, in most of the tested conditions Qnet Was
negative, indicating that, in those conditions the HTC process is not autothermal. The only conditions
at which the HTC process was exothermic were for the assay performed at 250 °C, 120 min and a solid-
to-water ratio of 1:15 (Qnet = 0.24 MJ) and for the assay performed at 275 °C, 30 min and a solid-to-
water ratio of 1:5 (Qnet = 8.50 MJ). Missaoui et al. (2017) tested the HTC of olive pomace, and also
verified that for a biomass-to-water ratio of 1:6, Qnet net values were negative (-2.4 MJ.kg™) whereas for
a ratio of 1:5 that parameter was positive (2.2 MJ.kg™).

When compared with conventional torrefaction and carbonization, HTC showed lower hydrochar
yields and higher Qinput, Which reflected on lower process efficiencies. The highest PEE value was also
obtained for the test with 1:5 solid-to-water ratio (52.6 %).

The relation between the energy recovered in the hydrochars (Qouput, MJ) and the HTC process en-
ergetic efficiency (PEE, %), is represented in Figure 5.6, for all the tested conditions.
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Figure 5.6: Representation of the energy recovered in the hydrochars (Qoutput, MJ) as a function of the HTC process
energy efficiency (PEE, %).

As it can be seen in Figure 5.6, increasing temperature had a negative impact both in Qouwu and PEE,
by the combined effects of reducing the hydrochar mass yield and increasing the process energy require-
ments (Qinput). ON the other hand, increasing the residence time had the opposite effect because this
condition promotes further condensation reactions favoring mass yield and, for lower temperatures, it
also had a beneficial effect in the HHV of the hydrochar as result of a more extensive deoxygenation.
As a consequence, increasing the residence time produced a slight increase of PEE and a significant
increase of Qouput, €Specially at 250 °C and 275 °C. Thus, to maximize Qoupue @nd the process efficiency,
lower temperatures and longer residence times should be chosen, within the range that also allows other
desirable upgrading effects such as reduction of ash and chlorine contents.

Increasing the solid-to-water ratio from 1:15 to 1:5, at 275 °C and 30 min, caused a clear increase of
the process efficiency as a result of the decrease in Qinput, as Well as in Qoutput, but this condition yielded
the hydrochar with the highest ash content. Also, increasing the solid-to-water ratio from 1:15 to 1:5, at
275 °C and 30 min, caused an increase of the chlorine content of the hydrochar from 0.91 to 1.08 wt. %.
Decreasing the water added to the reactor may also decrease pressure to values lower than the vapor
saturation pressure at the process temperature, at which a condensed water phase no longer exists. The
presence of condensed water (subcritical water) has an impact in the reactions that occur during the HTC
process and especially affects the solvating power towards different components of the raw materials,
such as the mineral fraction and non-volatile oxygenated compounds (Funke et al., 2013; Minaret and
Dutta, 2016; Yeoh et al., 2018).

These results suggest that HTC applied to RDF should be done with moderate temperatures, longer
residence times and with the highest possible solid-to-water ratio, in order to minimize energy expendi-
ture regarding water heating and also in order to obtain higher hydrochar yields (Stemann and Ziegler,
2011).

Nevertheless, increasing the solid-to-water ratio is limited by the need to provide reaction conditions
that enable the appropriate reduction of ash and chlorine contents of the RDF, two fundamental param-
eters for RDF upgrading and hydrochar fuel quality.
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5.3.5. Characterization of HTC process water

The HTC process water composition and volume are some of the main drawbacks of this thermal
conversion process, due to the relevant amounts of this effluent that are produced and its heavy pollutant
charge (Catalkopru et al., 2017; Kambo et al., 2017; Makeld et al., 2018; Pala et al., 2014). Increasing
the solid-to-water ratio has already been established that may be an advantage for the process energetic
balance but is limited by the need to provide an adequate reactional medium for the raw materials.
Therefore, determining the composition of the process liquid effluent and evaluating possible pathways
for its treatment or valorization are fundamental tasks for a sustainable scale-up of the process to an
industrial scale. The process waters generated in each HTC experiment were characterized for critical
parameters regarding their treatment or discharge and the results are presented in Table 5.8.

Table 5.8: Chemical characterization of the process waters obtained from the different HTC tests.

Sample
Parameter Unit W-250- W-275- W-275- W-300- W-250- W-275- W-300-
30/15 30/15 30/5 30/15  120/15 120/15 120/15
pH Sorensen 3.2 3.8 2.8 3.8 3.2 3.8 4.0
Conductivity mS.cm? 5.0 6.1 9.2 4.1 5.7 6.7 4.0
COoD gO, L 12.2 12.8 27.2 13.8 12.7 14.2 15.5
BODs mgO, L 300 333 450 350 333 393 400
Total 12.2 11.7 23.1 12.5 11.2 10.8 135
Solids Fixed gL? 3.6 3.2 6.7 3.9 3.8 34 3.9
Volatile 8.6 8.6 16.4 8.7 7.4 7.4 9.6
Kjeldahl nitrogen 1 41.7 42.9 49.2 30.5 41.1 44.8 26.1
Total phosphorous mo.L 0.29 0.10 0.31 0.10 0.16 0.09 0.06
Total reducing sugars 6.7 4.2 5.1 5.1 4.7 4.8 4.3
Total phenolics g.L? 16 2.1 2.1 1.7 15 1.3 15
Chlorine 0.9 1.8 3.2 14 1.7 2.6 19

Process waters had a low pH, varying between 2.8 and 4.0. Since the added water had a higher pH
(5-6) the decrease of this parameter during the HTC process suggests the presence of acidic species such
as organic acids that result from sugar decomposition from the biomass fraction of the RDF. Tempera-
ture and residence time did not seem to exert significant effects on this parameter, whereas increasing
solid-to-water ratio to 1:5 further decreased pH to the lowest value among the different water samples
(2.8), because reducing the volume of water introduced in the reactor increased the concentration of pH
influencing species. Furthermore, sample W-275-30/5 presented the highest conductivity value (9.2
mS.cm?), reflecting the presence of higher concentrations of ionic or polar species. The highest value
of fixed solids (6.7 g.L™) was also obtained for this sample.

Kjeldahl nitrogen presented values between 26.1 mg.L™ and 49.2 mg.L* showing a tendency to de-
crease for higher temperatures. At 300 °C (30 and 120 minutes), nitrogen values in the process water
were the lowest indicating that at this temperature nitrogen species were more retained in the hydrochar
or transferred to the gas phase. The obtained values regarding nitrogen are higher than the discharge
limits imposed by Decree-Law n.°236/98 for the discharge in water bodies (Total nitrogen = 15 mg.L*
N, and Ammonia nitrogen = 10 mg.L"* NH,) (Ministry of the Environment, 1998).

Although found in very small concentrations in the process water samples, total phosphorous showed
a tendency to decrease with increasing temperature and residence time. This decrease may result from
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reactions of phosphorous with metallic cations such as calcium, magnesium, aluminum or iron, to yield
products that may be deposited in the surface of the hydrochars (Huang et al., 2018; Idowu et al., 2017).

The reducing sugars concentration had a high value at 250 °C for 30 minutes (6.7 g.L ™) but decreased
for the subsequent temperatures, and for the tests conducted for 120 minutes. At 275 °C and 300 °C (as
well as the longer residence time) dehydration and decarboxylation reactions are enhanced and the sug-
ars are converted into intermediate products such as organic acids and CO2, which justifies this concen-
tration decrease, and is further confirmed by the acidic pH of the process waters (Wang et al., 2018b).
Also, reducing sugars are known to participate in condensation reactions with amine groups, from com-
pounds such as proteins or amino acids, in the so-called Maillard reactions, that yield condensation
products that may adsorb to the hydrochar surface (Wang et al., 2018b). Although the RDF sample did
not have high concentrations of nitrogen, the decrease of reducing sugars and nitrogen in the process
water samples obtained at the higher temperatures may be explained by condensation reactions between
these two species.

COD and BODs values of the water samples were influenced by all tested HTC process variables:
temperature, residence time and solid-to-water ratio. These parameters had a positive correlation with
temperature, residence time and solid-to-water ratio. COD values varied in the range from 12.2 gO..L™*
(W-250-30/15) to 27.2 gO,.L™* (W-275-30/5), which are significantly higher that the discharge limit for
water bodies (150 mgO..L* ) and also for municipal collectors (Ministry of the Environment, 1998;
Municipality of Lisbon, 1991). Higher temperature and longer residence time increased the degradation
of the RDF, and the dissolution of organic and inorganic compounds in the water phase, while a reduced
amount of water in the reactor will, as previously described, lead to a concentration effect and thus a
higher COD value of 27.2 gO,.L™%. On the other hand, BODs measured after 5 days presented values
between 300 and 450 mgO..L* (the discharge value is 40 mgO..L in water bodies) (Ministry of the
Environment, 1998). For HTC process waters, these values are very low indicating that biodegradation
was inhibited. COD and BOD:s values of the water samples analyzed in this work were significantly
lower than values found for HTC of mixed MSW with a solid-to-ratio of 1:4 (Berge et al., 2011). This
was probably due to the solid-to-water ratios that were used (1:15 and 1:5). Wilk et al. (2019) had COD
values between 19.9 - 30.3 gO..L* using urban sludge and a solid-to-water ratio of 1:8. On the other
hand, Anthraper et al. (2018) conducted HTC experiments (240-280 °C) varying solid concentration 1-
3 wt.% in a 500 mL vessel reactor. These authors used different raw materials to simulate MSW, and
their process waters presented COD values between 493-9580 mgO..Lt. RDF, as opposed to MSW,
represents an already treated solid waste, meaning that during its production the organic and putrescible
fraction is separated, leaving mostly lignocellulosic components and plastics, which could also contrib-
ute to lower COD and BODs values when compared to MSW. Furthermore, the BODs/COD value
ranged from 0.02 to 0.03 reinforcing that biological treatment of these process waters would probably
not be a viable solution. The BODs of the process waters is not only influenced by process conditions
but also by the nature of the raw materials, that influence the release of biodegradable compounds or
ecotoxic ones (Berge et al., 2011; Li et al., 2018).

Although inorganic components may also influence the toxicity of the water samples, the influence
of the ecotoxicity of organic components present in HTC process waters has been addressed by different
authors (Benavente et al., 2017; Berge et al., 2015). As such, in order to evaluate the qualitative com-
position of the organic fraction present in the process water samples, the organic components were ex-
tracted with chloroform and analyzed by GC-MS (Table 5.9).
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Table 5.9: Qualitative analysis of the process waters by GC-MS.

Relative peak area (%)

Molecular W- W- W- W- W- W- W-
Compounds formula  CASTUMDET ooh 75 275-  300-  250-  275-  300-
30/15 30/15 30/5 30/15 120/15 120/15 120/15
Acetic acid C2H402 64-19-7 5.1 2.7 8.4 8.2 9.9 7.7 5.3
Prop-2-enoic acid C3H402 79-10-7 - 0.5 - 0.5 - 0.7 0.7
Propionic acid C3HeO2 79-09-4 1.0 0.6 15 1.4 1.0 1.7 1.2
Isobutyric acid C4HsO2 107-92-6 - - 1.8 1.1 - 2.3 1.2
Sorbic acid CeHsO2 110-44-1 19 3.2 3.1 4.1 3.9 5.2 34
Benzoic acid C7HesO2 65-05-0 - - - 1.3 - - 7.1
2&:\3‘*‘“0"3’“”20'0 CaHsOs 586-38-0 36 19 - 14 36 - -
1,2-Ethanediol C2Hs02 59609-67-5 - - - 0.5 - - -
Butanol C4H100 71-36-3 - - 1.2 2.7 - 0.7 1.2
Pentanol CsH120 71-41-0 - - - - - - 2.2
Octanol CgH180 111-87-5 - - 4.7 45 - - -
3-Furaldehyde CsH402 98-01-1 19.8 1.8 45 2.2 1.6 4 0.3
2,4-Dimethylfuran CsHsgO 3710-43-8 - 0.7 3.9 1.7 - 2.6 2.3
3-Furaldehyde CsH402 98-01-1 19.8 18 45 2.2 1.6 4.0 0.3
2,4-Dimethylfuran CeHsO 3710-43-8 - 0.7 3.9 1.7 - 2.6 2.3
SHydroxybut3-en- oo, 73623811 - . - . . 0.9
2-one
2-Methylcyclopent- o110 1120736 - : .- : . 113
2-en-1-one
1-(cyclohexen-1-yl)- 1 0 88449-93-8 - 13 - 13 - - 0.4
ethanone
(2-hydroxyphenyl)- 00, i ) i
phenylmethanone Ci13H1002 117-99-7 1.1 2.8 1.6 1.9
1-Phenylethanone CsHsO 98-86-2 - - - - - - 0.9
1-Phenanthren-9- C1HwO 2039-77-2 ) ) ) ) ) ) 12
ylethanone 162 '
ﬁ;/'zj"eeth"xybe”za'de' CaHsO2 591-31-1 - 19 37 22 - - 0.7
tlélzz‘;”oxy”aph' CiH1O  3402-76-4 85 - 18 - 8.5 12 -
Phenol CsHsO 108-95-2 1.3 15.3 4.3 2.8 6.9 5.4 4.8
Benzene-1,4-diol CsHsO2 123-31-9 - - 1.8 - - - 0.9
4-Methylphenol C7HsO 106-44-5 1.9 1.6 - 1.4 1.9 4.5 2.0
2-Methylphenol C7HsO 95-48-7 1.8 - - - 1.8 1.8 0.6
2-Methoxyphenol C7Hs02 90-05-1 - 0.8 - - - - 3.1
20-DIMENOYPRE  CoHi0s 91101 : - 37 - : : 10
1,3,5-Trimethoxy-2-
methylbenzene C10H1403 14107-97-2 - - - - - 1.2 1.0
2-Ethenyl-1,3,4,5-
tetramethoxybenzene C12H1604 nd. i ) i ) i i 10
2-Benzylphenol Ci3H120 1322-51-6 - - - 12 - 14 1.2
1-Benzyl-2,4-dime-
thylbenzene CisHas 28122-28-3 - - - - - - 0.6
1-Ethyl-2-
methylphenanthrene Ci7H1e 61983-53-7 - - - - - - 0.5
4-[1-(3,4-dime-
thylphenyl)ethyl]- CigH22 1742-14-9 - 0.8 - - - - 1.3
1,2-dimethylbenzene
2,2,7,7-Tetra-
methyloctane Ci2H2s 1071-31-4 - - 1.2 0.8 - 1.2 0.5
Total identified
peaks 44.9 342 48.4 50.1 39.1 43.2 60.7

The HTC process water samples obtained at the higher temperature (300 °C), for both residence times
(30 and 120 min) presented the largest number of identifiable compounds, due to the more extensive
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thermal degradation occurring at this temperature. Several acids, alcohols, ketones, aromatic hydrocar-
bons and phenolic compounds were identified with a cut-off value for relative peak area of 0.5 %.

Acetic, propionic and sorbic acids, as well as 3-furaldehyde (3-furfural) and phenol were present in
all the samples, varying their relative percentage for the different operational conditions used in the
experiments. The products of thermal decomposition may have a high variability both at qualitative and
quantitative level because their formation is influenced by the raw materials composition and also by
the specific operating conditions that will determine the formation of primary and secondary products
(Mihajlovic¢ et al., 2018). But regardless of that variability, the main functional groups found in these
process waters, namely organic acids, furanic aldehydes, aromatic compounds and phenolic compounds,
have been consistently described in the literature in the process waters from the HTC process (Berge et
al., 2011; Mihajlovi¢ et al., 2018).

The wide variety of aromatic compounds found in these process waters is consistent with other re-
ports on RDF thermal conversion. According to Efika et al. (2015), there was a predominance of aro-
matic compounds in oil from RDF pyrolysis at 350 °C, because their forming reactions (conversion of
alkanes to alkenes and subsequent Diels-Alder reactions) are favored by high temperature and long
residence times. The presence of aromatic compounds is an indicator of the toxicity of these process
waters (Mihajlovi¢ et al., 2018), and corroborates the low biodegradability expressed through the
BODs/COD values.

Given the chemical characteristics of these samples, a detailed study of different solutions for the
management or valorization of HTC process water is required. Anaerobic digestion, which is the most
common valorization process suggested for these effluents (De la Rubia et al., 2018; Weide et al., 2019;
Wirth and Mumme, 2013) may be difficult to implement due to the low biodegradability presented by
these samples. Nevertheless, process water recirculation, or extraction of certain organic compounds
(with added-value) are re-utilization solutions that could be further studied and validated in order to
increase the sustainability of the RDF HTC process.

5.3.6. Remediation of HTC process water

Some preliminary tests of remediation of the HTC process water, using precipitation and adsorption
techniques were performed. The remediation tests were performed using one precipitating agent B1
(biomass ash, a mineral waste produced in a ceramic furnace for brick production) and three adsorption
agents: B2 (powdered activated carbon), B3 (an hydrochar obtained from hydrothermal carbonization
of RDF at 300 °C and 30 min), B4 (a char obtained by torrefaction of RDF at 300 °C and 30 min).

The composition of the biomass bottom ash mineral used as precipitating agent is given in Table
5.10.
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Table 5.10: Biomass bottom ash mineral composition.

Mineral composition Concentration (wt.%, db)

AlLLO; 3.97
BaO 0.16
Ca0 65.90
cl 11.50
Cr,03 0.07
Cuo 0.06
Fe,03 2.28
K-0 1.18
MgO 3.16
MnO 0.17
Na,O 0.56
P,0s 0.77
SO, 0.92
SiO, 6.59
Sro 0.09
TiO, 2.52
ZnO 0.09

Ash composition can be variable, depending on its origin but is usually rich in silicon, aluminum,
iron, calcium and magnesium oxides, which are known for their precipitating capacity (Wang and Wu,
2006). The biomass ash used in this work has as main components calcium oxide, chlorine, silicon oxide,
aluminum oxide and magnesium oxide thus, it may represent a viable and alternative to the typical
chemical precipitants.

The hydrochar produced in this chapter (sample H-300-30/15) and char produced by torrefaction of
RDF at 300 °C for 30 min (Chapter 3), were also tested as alternative adsorbents, in comparison with
powdered activated carbon (PAC).

The removal efficiencies of total phenolic compounds and COD were evaluated in batch experi-
ments and the results are given in Figure 5.7.
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Figure 5.7: Removal efficiencies of total phenolic compounds and COD after batch adsorption tests with different
adsorbents B1 (biomass ash), B2 (PAC), B3 (HTC-300-30), B4 (RDF char).
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The HTC process water sample used in these experiments was a mixture of water samples obtained
in the different hydrothermal carbonization experiments described in this chapter. This composite water
sample presented a total phenolic compounds concentration of 1.6 g.L%, a COD value of 12.4 gO..L*,
and a pH value of 3.8.

The higher removal efficiency towards phenolic compounds (95.5 %) was obtained for activated
carbon (B2), followed by the biomass ash, B1 (60.3 %) and the RDF char, B4 (50.5 %). The RDF
hydrochar, B3, presented the lowest removal efficiency (38.5 %), indicating that this was the adsorbent
with less surface-active groups or porous structure that could enable adsorption of phenolic compounds.
At the solution pH (3.8) most phenolic compounds do not present a net charge that could increase elec-
trostatic interactions, thus the availability of a porous structure such as the existing in the activated
carbon facilitates adsorption of these phenolic species. In the experiment where the biomass ash was
used, a fraction of the ash components was dissolved in the water sample, changing the solution pH
from 3.8 to 11, which contributes positively to the formation of complexes between metallic ions and
phenolic compounds (which are weak acids). The deprotonated phenolic compounds may have a larger
ability to form complexes with inorganic cations such as Ca?*, Mg?* or AI**, that exist in the biomass
ash, and that have lower water solubility leading to precipitation. According to Tantemsapya (2004), the
removal efficiencies presented in test B1 can be attributed to the precipitation of high molecular weight
compounds with Ca?* ions, available by CaO dissolution. Furthermore, products of lignin decomposi-
tion are used as chelating agents for the removal of divalent metal ions (Cu?*, Mg?*, Pb?*), in industrial
plants of pulp and paper production (Garcia-Valls and Hatton, 2003)

The precipitation with biomass ash (B1) had the highest removal efficiency regarding COD (84.6
%), followed by the activated carbon, B2 (75.4 %) and the RDF hydrochar, B3 (61.5 %). In this case,
the adsorbent with lowest performance was the RDF char, that had a COD removal efficiency of 7.7 %.
Chemical precipitation is easily implemented and represents a relatively low investment, but generates
sludges that must be adequately valorized or disposed of, to reduce environmental impacts (Kurniawan
et al., 2006).

Experiments B3 and B4, that used non-activated waste derived chars presented the lowest removal
efficiency values for both parameters which may be explained by the absence of an activated porous
structure that may efficiently retain organic and inorganic species. Nevertheless, the RDF char (B4)
could remove more than 50 % of the phenolic compounds while the RDF hydrochar (B3) was able to
reduce COD by more than 60 %, thus a combination of these waste derived materials could be used as
a pre-treatment of these aqueous effluents, contributing to reduce the use of a high cost adsorbent such
as the activated carbon. Furthermore, the adsorption properties of the RDF chars or hydrochar may be
improved by chemical or physical activation processes that can develop a significant pore structure and
increase their surface area.

To evaluate the relation between removal efficiency and adsorbent dose, further batch tests were
performed using PAC at doses from 2-20 g.L%. The results are shown in Figure 5.8.
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Figure 5.8: Removal efficiencies of total phenolic compounds and COD after batch adsorption tests with PAC at
different doses, B2 (20 g.L), B5 (10 g.L™Y), B6 (4 g.LY), B7 (2 g.LY).

As seen in Figure 5.8, a PAC dose of 20 g.L yields better results for both COD and total phenolic
compounds. These results are similar with the ones reported by Devi and Dahiya (2006), that using a
dose of 40 g.L* obtained a removal of around 89 % for COD (20 min and with 600 rpm agitation). This
indicates that, although PAC has good removal efficiencies, the HTC process water contains a diverse
array of compounds, at concentrations that can easily saturate the char, when using lower doses. Given
that PAC is an expensive adsorbent, difficult to regenerate, these results suggest that its use in process
water decontamination may have prohibitive costs if implemented in a large scale (Shehzad et al., 2015).

The removal of process water components was also evaluated in column adsorption experiments in
order to determine breakthrough volumes relative to phenolic compounds or COD (Fig 5.9).
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Figure 5.9: Column adsorption tests with PAC at different doses (a) Total phenolic compounds and (b) COD.

The results for all the tests show an early breakthrough followed by a quick rise in the relative con-
centrations of COD and total phenolics of the effluent (C/Co). Also, for both parameters, a larger amount
of PAC showed better removals (as assessed in the batch experiments). With 500 mg of adsorbent in the
column, breakthrough for total phenolics occurred very soon (12 min), after passing only 30 mL of the
HTC process water mixture. Increasing bed height (adsorbent mass) or reducing flow rate could yield
better adsorption results. Moreover, a combined treatment comprising chemical precipitation with bio-
mass bottom ash followed by adsorption, could give positive results, since the larger anionic molecules
would precipitate, which could enable a more efficient adsorption process.

5.4. Conclusions

Hydrothermal carbonization of RDF in the temperature range between 250 °C and 300 °C, with res-
idence times of 30 min and 120 min, and solid-to-water ratios of 1:15 and 1:5, can be an effective mean
to upgrade this very heterogeneous waste derived fuel. Increase in reaction temperature (up to 275 °C)
and time (120 min), led to higher reaction severity, resulting in an increase of RDF degradation, but also
of a higher polymerization and condensation of dissolved products with subsequent higher mass yield.
The produced hydrochars presented upgraded fuel properties, namely reduced volatile matter and ash
contents and increased fixed carbon and HHV reaching a value of 28.1 MJ.kg* for the hydrochar
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produced at 275 °C for 120 minutes. The hydrochars showed similarities with fossil fuels such as lignite
regarding the reduced oxygen and hydrogen contents. These new-found characteristics illustrate their
potential as alternative solid fuels.

Although RDF hydrochars presented very enhanced fuel characteristics, the HTC process uses high
amounts of water and higher temperatures, which are characteristics that increase the energy require-
ments of this process. The experiment conducted at 275 °C and 30 min and solid-to-waster ratio of 1:5,
which also presented the highest hydrochar yield, presented a Qnet Value of 8.50 MJ and a process effi-
ciency of 52.6 %. Increasing the residence time at temperatures from 250 °C and 275 °C increased sig-
nificantly the Qouput, reflecting higher yields or calorific values of the hydrochars.

The process waters from all the HTC tests presented acidic pH and significant COD, total phenolic
and total reducing sugars values, as well as the presence of various organic species, namely organic
acids, alcohols, furan derivatives, phenolic compounds and aromatic hydrocarbons. Owning to their
composition, these process waters need to be treated with adequate methods, to reduced their organic
and inorganic charge and therefore increase the sustainability of the HTC process.

Remediation of the HTC process water was attempted through chemical precipitation and through
adsorption. The results showed that chemical precipitation is effective in COD removal, but has the
disadvantage of sludge formation. On the other, although activated carbon showed promising removal
efficiencies for COD and total phenolic compounds, the amount of adsorbent needed hinders large scale
applications. RDF hydrochar and conventional RDF char also show potential as adsorbents, and in spite
of lower removal efficiencies, they present the clear advantage of being produced from wastes, which
translates into lower production costs. Moreover, both waste derived chars may be subjected to chemical
of physical activation, to enhance their adsorption properties.
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Chapter

Gasification of pine waste pellets with incorporation of RDF char

Abstract

RDF was carbonized at 300 °C for 30 minutes and the resulting RDF char was used as additive for
biomass pellets. Pine waste pellets with 0 %, 5 % and 10 % incorporation of RDF char were prepared
and characterized. RDF char incorporation caused an increase in fixed carbon and ash contents of the
supplemented pellets. The produced pellets were subjected to gasification in a 1 kg.h? bubbling-fluid-
ized-bed gasifier at different temperatures (800 and 850 °C) and equivalence ratios (0.25 and 0.30). The
producer gas yield varied from 1.5 to 2.5 m® kg™ and was higher for an equivalence ratio of 0.25. Carbon
conversion efficiency and cold gas efficiency were in the range of 60.4 to 96.1 % and 42.2 to 73.5 %,
respectively.

The pellets with RDF char incorporation had a best gasification performance at 850 °C and ER 0.25.
Concentrations of CO2, CO, Hz and CHy, ethane, ethylene, benzene and toluene were determined in the
producer gas. The tars produced during gasification contained mainly aromatic hydrocarbons and phe-
nols. RDF char incorporation increased the concentrations of heavy PAHSs in the gasification tars. The
RDF char can be used as a gasification additive at moderate incorporation ratios.

Keywords: RDF char; Pine wastes; Blended pellets; Gasification; BFBG; Tars.

6.1. Introduction

Gasification is an attractive alternative to combustion as a thermochemical technology for energy
recovery from solid wastes and has been proposed as core technology for numerous WtE applications.
The gasification process has the potential of providing alternative pathways for sustainable waste man-
agement whilst promoting non-fossil fuels and chemical feedstocks, thus reducing fossil fuel depend-
ency (Arena et al., 2010; Arena and Di Gregorio, 2014).

Different feedstocks, such as solid wastes, may be converted into a “producer gas” or “syngas”
(CO+Hy), by means of gasification at high temperature and in the presence of an oxidizing agent at
limited concentration (Materazzi et al., 2016).

Gasification presents several advantages over traditional combustion of solid wastes, like desirable
pollution minimization effects, higher recovery efficiency and higher operational flexibility (Galvagno
et al., 2009). Among the different reactor configurations used in gasification, the bubbling fluidized
bed gasifier (BFBG) is a frequent choice since it can handle a large array of solid fuels such as biomass,
agricultural and forestry wastes or RDF (Corella et al., 2008; George et al., 2018; Monteiro et al., 2018;
G. Xue et al., 2014). Nevertheless, fuels with a low degree of homogeneity and calorific value, such as
MSW or RDF, may benefit from various upgrading pre-treatments, in order to improve those properties
and the energy efficiency of the process (Belgiorno et al., 2003; Ramos et al., 2018). The fuel applica-
tions of RDF are also limited by their high content of polymeric materials that can cause clogging in
feeding systems and can contribute to an increase of solid and gaseous emissions associated with
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incomplete combustion or gasification. In particular, the polymeric fraction of RDF is the source of
organic chlorine that leads to the formation of HCI and organochlorine derivatives during gasification
(Ma et al., 2010). In this sense, torrefaction and carbonization, as shown in Chapters 3 and 4, can con-
tribute to the enhancement of some of these problematic features.

The advantages of gasifying raw materials that were previously torrefied have been reported by dif-
ferent authors. The torrefaction of SRF has been studied by Recari et al. (2017) in the perspective of its
application as feedstock in gasification. The authors conducted the torrefaction pre-treatment in the
range of 290-320 °C, and concluded that the use of torrefied SRF improved the gasification perfor-
mance, increasing carbon conversion and H,/CO ratio while reducing tar formation. Gang Xue et al.
(2014) studied the torrefaction of Miscanthus x giganteus biomass as a pre-treatment to reduce moisture,
hemicellulose content and O/C ratio, thus obtaining a material that presented more adequate properties
for gasification.

Moreover, according to Pinto et al. (2014) a strategy to reduce problems associated with RDF gasi-
fication is the co-gasification with less problematic materials, such as biomass, enabling the dilution of
the RDF’s negative characteristics.

In this chapter, the gasification of lignocellulosic pellets, composed of pine biomass wastes and RDF
char was studied. The incorporation of RDF char was evaluated at the concentrations of 0 %, 5 % and
10 %, using different temperatures and equivalence ratios, in order to validate the application of RDF
char in energy applications. These lignocellulosic wastes and the RDF char may be considered raw
materials with low carbon footprint because they are by-products of other industrial activities, and there-
fore their use in the production of syngas may improve process sustainability and constitute a recovery
pathway for these wastes.

6.2. Materials and methods

6.2.1. Raw materials

Pine waste biomass (PW) and industrial RDF were supplied by CITRI S.A. The PW sample was
composed of end-of-life pine materials. The RDF sample was the same that was used in Chapter 4.

The RDF was subjected to torrefaction at 300 °C for 30 minutes, in a rotary pyrolysis furnace (MJ
Amaral, model FR 100), to obtain the RDF char (as described in Chapter 4). PW and RDF char were
milled to a particle size below 1 mm and used to prepare pellets in an axial 400 kg.h"* maximum capacity
small-scale pelletizer unit with 6 mm diameter holes.

The produced pellet formulations were: 100 % PW (sample 1), 95 % PW + 5 % RDF char (sample
2) and 90 % PW + 10 % RDF char (sample 3).

6.2.2. Pellet characterization

Before characterization, the pellets and the RDF char were milled and sieved (Retsch sieve) to a <
500 um particle size diameter, as seen in Figure 6.1.
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(b)

Figure 6.1: Materials used in the preparation of the tested pellets: (a) Sample 1 - 100% PW; (b) Sample 2 - 95%
PW + 5% RDF char; (c) Sample 3 - 90% PW + 10% RDF char; (d) RDF char.

The proximate and ultimate composition, chlorine content, mineral composition and high heating
value were determined for the pellet samples and the original raw materials. Moisture content, was de-
termined according to BS EN 14774-1:2009 on an as received basis (ar). Volatile matter and ash contents
were determined gravimetrically according to standards BS EN 15148:2009 and BS EN 14775:2009,
respectively, on a dry basis (db). Fixed carbon was calculated by difference (db).

Ultimate analysis (CHNS) was performed using an elemental analyzer (Thermo Finnigan - CE In-
struments, Model 112 CHNS Flash EA series). Oxygen was determined by difference, in a dry ash free
basis (daf).

The high heating values (HHV) of the samples were determined through bomb calorimetry (Leco
AC500 Automatic Calorimeter) using benzoic acid as reference (British Chemical Standard, HHV=
26439.7 J/g). Low heating values (LHV) were calculated according to equation 3.2 (from Chapter 3):

Chlorine content was determined according to CEN/TS 15289:2006. Mineral composition was de-
termined using flame atomic absorption spectroscopy (EAA Solaar M Series/Unicam Solaar System
spectrometer), after ashing and acid digestion of the samples.

The analytical procedures were conducted with replicates, and the results are presented as average
values (variation coefficient < 10 %).

6.2.3. Gasification tests

The pellet samples were submitted to a Retsch mill with a 6 mm sieve before being admitted to the
gasifier. The gasification experiments were conducted in a 1 kg.h? bubbling-fluidized-bed gasifier
(WOB) at the ECN installations (Energy Research Centre of the Netherlands). The gasifier is electrically
heated and has an internal diameter of 74 mm in the bubbling fluidized bed section, increasing to 108
mm in the freeboard section at a height of 500 mm, as described by G. Xue et al. (2014). In the producer
gas outlet, a small cyclone is positioned for removal of the bulk of the ash leaving the gasifier. Samples
were fed into the gasifier through a previously calibrated feeding screw. The photographic representa-
tion and schematics for the WOB gasifier are represented in Figure 6.2.
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Figure 6.2: Bubbling-fluidised-bed gasifier (WOB) schematics (Zwart et al., 2010) (a) and photographic repre-
sentation (b).

In the beginning of each experiment, the gasifier was charged with ~1068 g of sand as bed material,
sieved to a particle size range of 0.25-0.50 mm. The feeding rate of the samples was approximately 409
+ 46 g.h'* (daf). The experiments were carried out in air and at different temperatures as well as different
equivalence ratios completing a total of 12 tests (see Table 6.1).

Table 6.1: Experimental layout for the gasification of each sample.

Experimental conditions Duration of each

. test (min)
Code Sample composition Temperature Equivalence ra-
(°C) tio (ER)
oz
Sample 1 100 % PW '
850 0.25
0.30
oz
Sample 2 95 % PW + 5 % RDF char 0'25 60-140
850 0.30
oz
Sample 3 90 % PW + 10 % RDF char 0'25
850 0I30

Producer gas composition (CO, CO,, CH4, Hz, CoH4, CoHs, benzene and toluene) was measured on-
line every minute with gas monitors and a micro-GC (Varian, CP4900).

6.2.4. Gasification performance

Producer gas LHV was calculated according to equation 6.1 taking into account the concentrations
of carbon monoxide, hydrogen, methane and ethylene and the LHV of each gas component taken from
Waldheim and Nilsson (2001):
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LHV,yroducer gas(MJ.m™3) = 12.6 [CO] + 10.8[H,] + 35.8[CH,] + 59.0[C,H,] Equation 6.1

Producer gas yield (PGY) was determined according to equation 6.2, as a relation of the flow rate of
dry producer gas (m*.h) to the mass flow rate of the samples (kg.h?, daf) (Basu, 2010):

PGY (m®.kg™) = Flowratedry producer gas Equation 6.2
Comsumption ratesqgmple

Carbon conversion efficiency (CCE) was estimated as the fraction of carbon in sample feed that was
converted into producer gas (equation 6.3), considering the volumetric percentages of carbon monoxide,
carbon dioxide, methane and ethylene in the producer gas and the mass percentage of carbon in the
samples (%Csampie) (George et al., 2018):

PGY x12X[(%CO+%CO,+%CH,)+(2XCyHy)]
22.4X%Csample

CCE (%) =

Equation 6.3

Cold gas efficiency (CGE) was calculated as the ratio between the chemical energy contained in the
producer gas (LHV producer gas) @and the input energy of the sample (LHVsampie) (Gu et al., 2018), according
to equation 6.4:

CGE(%) = PGY x L producergas o 4y Equation 6.4

LH Vsample

6.2.5. Tar analysis

Two tar samples per gasification test were taken using the SPA (solid phase adsorption) method with
a LC-NH2 column, as described by Grootjes (2012) and Osipovs (2013). SPA samples were extracted
with chloroform and tar composition (polycyclic aromatic hydrocarbons — PAHs) was determined with
a GC-MS analyzer (Focus GC, Polaris Q-Thermo) equipped with a DB-5 capillary column (30 m length,
0.25 mm inner diameter, and 0.25 pum film thickness). Helium was used as a carrier gas at 1.0 mL.min’
! Injection temperature was 240 °C in splitless mode with 1 min of splitless time and 30 mL.min* of
split flow. The interface and ion source were set at 230 °C. The oven temperature was held at 40 °C for
1 min, increased to 260 °C at a rate of 4 °C.min, and then held at 260 °C for 5 min. The mass spec-
trometer was operated in the full scan mode from 50 to 600 mass units. Identification of tar components
was carried out by comparison of mass spectra with reference libraries (NIST, WILEY). Determination
of PAHs was performed by comparison of retention time and mass spectra with a PAHs mix standard
solution (Chem Service) analyzed in similar conditions (PAHs standard profile can be found in the Ap-
pendix, Figure A.13).

6.3. Results and discussion

6.3.1. Characterization of raw materials

Proximate, ultimate and mineral compositions, chlorine content and heating values of the samples
used in the gasification tests, as well as of the RDF char used as an additive are presented in Table 6.2.
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Table 6.2: Main chemical properties of the tested samples (Sample 1 — 100 % PW, Sample 2 — 95 % PW+5 %
RDF char, Sample 3 — 90 % PW and RDF char).

Parameter Units Sample 1 Sample 2 Sample 3 RDF char
Moisture wt.%, ar? 8.9 10.8 7.6 1.3
Volatile matter 84.8 82.2 81.7 56.3
Ash wt.%, db® 0.8 1.6 24 22.8
Fixed carbon 14.4 16.1 15.9 20.9
C 50.0 50.5 51.3 61.0
N 0.1 0.1 0.2 1.3
H wt.%, daf° 6.1 6.0 6.1 6.2
S 0 0 0 0.2
) 43.7 434 425 31.2
Al 177.7 446.3 685.4 4324.5
Zn 25.6 188.8 380.6 4557.2
Pb 25.0 37.2 48.8 265.7
Ni 11.7 26.9 33.7 209.2
Mn 59.4 61.3 68.1 110.3
Cu 5.2 1325 270.6 24253
Fe mg.kg?, db <1.0 166.8 556.2 4745.0
Cr 25 13.0 26.3 231.9
Cd 1.3 1.3 15 2.0
Ca 993.8 2871.9 7291.9 29504.0
Mg 529.3 676.2 1101.8 2900.3
Na 973.4 915.7 638.0 6845.0
K 943.6 774.5 788.4 3021.3
Chlorine wt.%, db 0.03 0.26 0.14 11
HHV MJ.kg?, db 18.4 18.8 18.8 19.3
LHV MJ.kg?, db 17.1 17.5 17.5 18.2

aar - as received basis; °db - dry basis; °daf - dry ash free basis.

The RDF char had a higher carbon content (61.0 wt.%) than PW (50.0 wt.%), therefore its incorpo-
ration in samples 2 and 3 improved their carbon concentrations. The same effect was observed for ash
content and for the concentrations of most mineral components. Parameters such as volatile matter and
oxygen contents, that had lower values for the RDF char than for PW suffered a dilution effect, therefore
decreased for samples 2 and 3 relatively to sample 1.

The inorganic elements with concentrations higher than 1 g.kg? in the RDF char (Ca, Mg, Al, Zn,
Cu and Fe) were also the main mineral components of samples 2 and 3. The same was not observed for
Na and K, regardless of their high concentrations in the RDF char, respectively 6.8 g.kg™* and 3.0 g.kg"
L. This behavior suggests that Na and K may be partially dissolved in tars, during the carbonization
process, and heterogeneously distributed in the RDF char. The ash concentration in the gasification bed
after the tests involving samples 1, 2 and 3 were respectively 1.36 %, 2.92 % and 5.26 %, reflecting the
ash contents of those samples.

There was a moderate increase of the chlorine content to 0.26 wt.% in sample 2 and 0.14 wt.% in
sample 3 when compared to the pine biomass pellets (0.03 wt.%). Elevated chlorine content is one of
the main drawbacks of raw RDF utilization because it can lead to very harmful emissions and opera-
tional issues (Silva et al., 2014) . The torrefaction process has proven useful to reduce the chlorine
content of RDF, MSW or waste wood samples (Edo et al., 2017; Recari et al., 2017).
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RDF char had a LHV of 18.2 MJ.kg?, slightly higher than the LHV of PW (17.1 MJ.kg™?) thus char
incorporation had a small positive effect on the calorific value of samples 2 and 3 (17.5 MJ.kg™).

6.3.2. Gasification performance

The performance of the gasification process was evaluated at different temperatures and equivalence
ratios, by the determination of carbon conversion efficiency (CCE), cold gas efficiency (CGE), producer
gas yield (PGY) and producer gas lower heating value (Table 6.3).

Table 6.3: Effect of temperature and equivalence ratio on gasification performance LHV of the producer gas,
producer gas yield (PGY), carbon conversion efficiency (CCE) and cold gas efficiency (CGE).

Sample (izsr:;'l‘t’?g:]‘?s” LHV producer gos (MI.M3)  PGY (mkg) CCE (%) CGE (%)
800 °C - ER 0.25 5.4 23 96.1 72.8
) 800 °C - ER 0.30 46 16 60.6 42.2
850 °C - ER 0.25 5.4 21 81.8 65.7
850 °C - ER 0.30 5.4 15 60.4 46.8
800°C - ER 0.25 49 2.3 86.5 65.7
) 800 °C - ER 0.30 45 17 62.3 435
850 °C - ER 0.25 5.0 2.4 89.7 68.9
850 °C - ER 0.30 45 1.7 62.5 44.3
800°C - ER 0.25 5.2 2.4 88.7 69.7
5 800 °C - ER 0.30 47 1.7 64.3 46.8
850 °C - ER 0.25 5.3 25 92.3 735
850 °C - ER 0.30 45 1.7 62.2 45.0

According to Arena and Di Gregorio (2014), ER defines the availability of the oxidation agent, it
influences the extension of the oxidative decomposition of biomass in the pyrolysis zone and the exten-
sion of the gas oxidation reactions. On the other hand, gasification is an endothermic process and as
such, the extent of the gasification reactions and therefore the producer gas composition are affected by
temperature changes (Olufemi, 2017).

Gas yield, carbon conversion efficiency and cold gas efficiency were higher for the lower ER (0.25),
at both tested temperatures. High equivalence ratios may cause the excessive formation of complete
combustion products thus reducing its performance, as seen for the lower LHV values obtained at ER
0.30. The LHV of the producer gas did not show a correlation with the incorporation of RDF char:
samples 1 and 3 present comparable LHV values while sample 2 presents overall slightly lower values.
The obtained calorific values are in the range of different studies using coir pith (Dillibabu and
Natarajan, 2014), miscanthus (G. Xue et al., 2014), SRF (Arena and Di Gregorio, 2014; Recari et al.,
2016), Stabilat (Dunnu et al., 2012) or olive bagasse (Almeida et al., 2019).

Increasing the gasification temperature from 800 °C to 850 °C, at ER 0.25, caused an increase of
PGY, CCE and CGE for samples 2 and 3 but had the inverse effect for sample 1. This behavior reflects
the higher thermal stability of the RDF char components, that is expectable since it is a material already
subjected to a thermochemical pre-treatment. According to Almeida et al. (2019) the producer gas yield
represents the fraction of sample particles that were converted to producer gas and therefore it is a pa-
rameter that directly impacts the gasification performance. At higher temperatures the rates of pyrolysis
and devolatilization may be enhanced, which would reflect in high CCE values. Moreover, an increased
CCE can be related to a lower formation of heavy tars (Arena and Di Gregorio, 2014).
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6.3.3. Producer gas composition

The composition of the producer gas is presented in Table 6.4, for the different temperatures and
equivalence ratios used in the experiments.

Table 6.4: Effect of temperature and equivalence ratio on the composition of the producer gas.

sample Test conditions N2 CO CO, H> CH,
T (°C) ER vol. %, dry
800 0.25 55.2 174 13.9 6.5 45
1 0.30 61.3 16.1 13.9 4.9 3.9
850 0.25 57.9 15.3 14.7 111 4.4
0.30 62.8 16.7 14.7 10.3 4.4
800 0.25 53.9 14.2 13.5 7.0 3.9
2 0.30 57.8 14.1 14.0 55 35
850 0.25 52.8 135 14.2 8.3 3.9
0.30 57.5 13.3 14.5 6.4 3.6
800 0.25 54.1 15.0 13.1 6.6 4.1
3 0.30 57.7 14.9 13.5 5.0 3.7
850 0.25 53.4 144 13.8 7.9 4.2
0.30 57.9 13.6 14.0 5.6 3.6

Increasing ER from 0.25 to 0.30 increased the concentration of N2 in the producer gas and reduced
the concentrations of other components, in almost all conditions tested, because of the dilution effect
resulting from the higher air flow (G. Xue et al., 2014). The decrease of H,, CO and CH4 concentrations
and the increase of CO, concentration in the producer gas when ER increases, may also be related to the
higher availability of oxidizing agent and the consequent improvement of carbon conversion, as ob-
served by different authors (Arena and Di Gregorio, 2014; G. Xue et al., 2014).

Since the main reactions in the gasification process are endothermic, they are favored by high tem-
peratures, that are necessary to promote the pyrolytic decomposition of the feed and formation of low
molecular weight species (Almeida et al., 2019; George et al., 2018; Ramos et al., 2018). Increasing the
temperature at ER 0.25, decreased CO concentration and increased H, and CO- concentrations in the
producer gas, for all samples, indicating that hydrocarbon cracking, reforming reactions and carbon
oxidation are favored by the temperature increase (Pinto et al., 2014).

At comparable conditions of temperature and equivalence ratio, samples 2 and 3 showed lower CO
and CO; concentrations than sample 1, which indicates that the RDF char is a less reactive raw material,
and its incorporation in the feed should be compensated by an increase in the efficiency of the oxidizing
agent, for example, by increasing the oxygen concentration in the gasifier (Gu et al., 2018).

The concentrations of other light hydrocarbons such as ethane, ethylene, benzene and toluene, pre-
sent in the producer gas were also evaluated for the different gasification tests (Figure 6.3).

102



Chapter 6: Gasification of pine waste pellets with incorporation of RDF char

_ o = 0800°C
g 2.0 (a) g 0.20 m850°C (b)
S 16 4 S 0.16 -
o o
= >
O O
0.8 A 0.08 -
0.4 - 0.04 -
0.0 - 0.00 -
WG I =B S e WL SR, B R = B N
Q. Q Q Q Q Q. . K o K o B
R S S SR SgeS &
L S A A M N R S A A M
A% AL A% A AR A i\ A% A A \Z A
ca‘bé& %&QQ %%&Q %%&Q ca‘b@Q c\,‘bé& %%@Q %%@Q %%‘QQ %%‘QQ %%&Q %%‘QQ
‘=4000 - < -
g © 51 (d)
£ £
23000 - 2 800 1
I S
S S 600 -
@ 2000 - =
400 A
1000 ~ 200 -
0 - 0~
5 Q M A Ad D
"1:7 BN ’1/5 SN ,.Lcj BN ) ) W b W )

Q. Q. Q. Q Q. Q.
Q7 497 07 Q7 Q7 o F S
A S S O S
\’@‘5 \ﬁ% %’Qg” (Lﬁ%’bﬁ%%ﬁ& \@\, \e\, \6,1/, \e,b, \6,5, \6,5,
PP P sV S s 0
%'b %‘b %‘b %‘b %‘b %‘b

Figure 6.3: Effect of temperature and equivalence ratio on light hydrocarbons. (a) Ethylene; (b) Ethane; (c) Ben-
zene; (d) Toluene.

Some of these light hydrocarbons are liquid at room temperature (benzene, toluene) but they are
entrained by the gas components, and are present in small concentrations in the vapor phase. The con-
centrations of light hydrocarbons were negatively affected by the increase of ER, because higher O;
availability favored their oxidation to CO or CO,. These hydrocarbon gases and light aromatic hydro-
carbons showed higher concentrations for samples 2 and 3 (Figs. 6.3a to 6.3d), confirming the higher
stability of the RDF char matrix.

Increasing the temperature from 800 °C to 850 °C promoted the decomposition of ethane and toluene
(Figs. 6.3b and 6.3d), had little effect in the concentration of ethylene and increased the concentration
of benzene (Figs. 6.3a and 6.3b). These results reflect the specific degradation reactions involving these
species and the other hydrocarbon components of the producer gas. For example, the observed increase
in the concentration of benzene may result from the degradation of toluene by loss of the methyl group.

Although present at concentrations lower than 2 vol.% or in the range of ppm, since these hydrocar-
bon components have carbon numbers from 2 to 6, their heating values are much higher than those of
the gas producer main hydrocarbon components (CO or CHa).

Taking into account the producer gas composition and absolute yield, it is possible to evaluate the
volume yield of each gas component relatively to feed mass (Figure 6.4).
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Figure 6.4: Effect of temperature and equivalence ratio on the yield of producer gas main components.

The best yields of CO and CH. were obtained for an equivalence ratio of 0.25, for sample 1 at 800
°C, while for samples 2 and 3 there were no significant differences in the concentrations of those com-
ponents at both temperatures. H, concentration increased at 850 °C, for the three samples tested indicat-
ing that reforming reactions were favored by this temperature increase. Increasing ER did not have a
positive effect on the yields of combustible gases for any of the samples, indicating that the dilution
effect of the inlet nitrogen may have a shielding effect in the reactive species.

6.3.4. Tar analysis

Tar formation during biomass or waste gasification is not a desired reaction because it generates
secondary products, it can result in operational difficulties and in a decrease in the producer gas quality
(Sikarwar et al., 2016). Characterization of tar composition allows the definition of adequate pathways
for its valorization or treatment in order improve the sustainability of the gasification process and reduce
the environmental impact of these secondary products.

The collected tar samples contained mainly aromatic compounds with one to four rings, including o-
xylene, styrene, benzofuran, phenol, indene, methylnaphthalene, biphenyl and a group of twelve PAHSs.
The chromatographic profile of the tar extract obtained for sample 1 at 850 °C and ER 0.25, is presented
in Figure 6.5.
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Figure 6.5: GC-MS profile of tar extract from Sample 1 (850 °C, ER 0.25).

Tar composition and normalized relative abundance of each identified compounds were evaluated
for each gasification test (Figure 6.6 and Figure 6.7). At all the tested conditions, naphthalene, acenaph-
tylene and phenanthrene were the main tar components, as reported in other studies regarding the com-
position of tars produced by gasification biomass or wastes (Blanco et al., 2012; Huang et al., 2015;
Rabou, 2005).
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Figure 6.6: Relative abundance of tar components for the gasification tests performed at 800 °C and ER 0.25 (a)
or ER 0.30 (b).

For the tars obtained at 800 °C, the ER increase had little effect in tar composition, an expected
behavior since the main tar components are polyaromatic hydrocarbons and the only oxygenated com-
pounds detected in the samples (phenol, benzofuran and dibenzofuran) were present in very low per-
centages. The incorporation of RDF char had the effect of increasing the formation of heavier PAHs
(pyrene, benzo(a)fluorene, benzanthracene and benzo(k)fluoranthene) in the tars obtained from the gas-
ification of samples 2 and 3, at 800 °C, while these compounds were not detected in the tars obtained
from sample 1, at the same temperature. The production of PAHs with higher molecular weight increases
the ecotoxicity of the tars because these PAHSs are hydrophobic, persistent and genotoxic (Kanaly and
Harayama, 2000).
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Figure 6.7: Relative abundance of tar components for the gasification tests performed at 850 °C and ER 0.25 (a)
or ER 0.30 (b).

For the tests performed at 850 °C, the equivalence ratio did not have a clear impact in tar composition.
According to Mastellone et al. (2010), ER has a significant effect in tar concentration but this was not
observed in the present work. The heavier PAHs were detected in all tars obtained at 850 °C, including
those obtained from sample 1.

The relative abundance of naphthalene is higher for the tars obtained at 850 °C than for the ones
obtained at 800 °C indicating that at higher temperatures the formation of more complex structures is
not favored or some of the formed heavier tar components suffered secondary thermal decomposition
to yield lighter PAHSs and in particular naphthalene. Most of the compounds present in these tars are
well known carcinogens, that pose a serious threat to the health and the well-being of humans (Abdel-
Shafy and Mansour, 2016; Huang et al., 2015).
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6.4. Conclusions

This chapter focused on the gasification of biomass wastes pellets supplemented with RDF char. The
obtained results indicated that the incorporation of RDF char in biomass pellets can be a viable pathway
for the energetic valorization of this industrial waste while improving the sustainability of the solid
biofuels sector. RDF torrefaction is recommended as opposed to the direct incorporation of the RDF in
the biomass pellets. Torrefaction has positive effects on carbon content, calorific value, grindability and
particle distribution size, which are of great importance for the subsequent gasification step. Further-
more, mixing RDF char with biomass fuels dilutes some of the more negative fuel characteristics of the
RDF char (ash and chlorine contents, recalcitrant carbonaceous structure), enabling its energetic valor-
ization in existing gasification facilities.

Overall, cold gas efficiency and producer gas lower heating values were higher for 850 °C and a
lower ER value (0.25) for the pellets with RDF char incorporation. Pellets produced only with pine
waste biomass showed an opposite trend regarding temperature. Nevertheless, cold gas efficiency pre-
sented values between 42.2 and 73.5 % and producer gas lower heating values were found to be between
4.5 and 5.4 MJ.m™®,

The increased formation of aromatic hydrocarbons associated with the RDF incorporation, indicates
that more efficient gasification conditions may still improve the conversion of the fortified pellets. This
could be achieved by an additional temperature increase or a supplementation of the inlet air with oxy-
gen.
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Abstract

This chapter addresses the valorization of RDF char as a low-cost adsorbent for cationic species.
Methylene blue (MB) was chosen as a model analyte to evaluate the removal capacity towards cationic
species, in batch and column experiments. The RDF chars were tested as produced and after a pre-
treatment with an alkali solution.

The characterization of the RDF char adsorbents was performed by N adsorption/desorption, FT-
IR, proximate and ultimate analysis as well as pH at the point of zero charge. Kinetic studies revealed
that the used adsorbent followed a pseudo-second-order kinetic model. Between 3 min and 48 h, RDF
char-KOH reached MB removal efficiencies in an interval of 79.5-99.9 %, whereas RDF char showed
values of 10.1-88.1 %. Adsorption isotherms showed differences in the possible adsorption mechanisms
of the two studied chars. Using an initial MB concentration of 800 mg.L™, at 293.15 K, RDF char-KOH
presented a removal efficiency of 86.9% and RDF char removed 39.3 %. Furthermore, thermodynamic
studies showed that the adsorption of MB onto RDF chars is spontaneous and endothermic. The capacity
of the RDF char-KOH to remove the heavy metal chromium (V1) from an aqueous effluent was also
evaluated in the fixed-bed column experiments. Best results were obtained for a Cr (V1) concentration
of 10 mg.L™, reaching a removal of 47.9 % for a total effluent volume of 690 mL. Dynamic tests indi-
cated that bed height is highly influential in the adsorption process, and the Thomas model fitted mod-
erately onto the experimental data. This work highlighted that RDF chars may also be valorized as low-
cost adsorbents, both prior to energetic applications or as an alternative application.

Keywords: RDF, char, adsorption, methylene blue, batch, fixed-bed column, chromium.

7.1. Introduction

Water pollution due to organic and inorganic compounds, such as heavy metals or dyes, is rapidly
increasing mainly because of uncontrolled discharge of untreated industrial effluents into the environ-
ment (Rangabhashiyam and Balasubramanian, 2018). For instance, it has been estimated that more than
280,000 ton of untreated synthetic dyes are discharged into water bodies globally (Bharti et al., 2019).
Most dyes are not biodegradable and usually suppress photosynthetic activities in aquatic environments
by preventing sunlight penetration. Furthermore, dyes are toxic when ingested or inhaled, they can
cause skin and eye irritation and some dyes have been proven carcinogenic (Gupta and Suhas, 2009).
Methylene blue (MB) is a one of the most used dyes for coloring paper, cotton, wood or silk (Manna et
al., 2017). It is a thiazine cationic dye and it causes some harmful effects, such as increased heart rate,
cyanosis and tissue necrosis on human beings (Setiabudi et al., 2016). Due to the complex structures
and synthetic origin of dyes, effluents containing them are very hard to treat through conventional pro-
cesses, which are costly and not always efficient towards all the dyes present in these wastewaters
(Lopez-Cervantes et al., 2018).
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On the other hand, heavy metals are highly persistent, and exposure to them can cause long-term
health risks for humans and ecosystems (Karnib et al., 2014). Chromium is one of the toxic heavy metals
faced as a priority pollutant, since it is listed on the top 20 contaminants under the category of hazardous
materials (Rangabhashiyam and Balasubramanian, 2018; Zhang et al., 2012). Several industries like
electroplating, metal polishing, leather tanning, wood preserving or chemical production generate sig-
nificant amounts of wastewaters containing Cr (VI) (Chen et al., 2012; Rangabhashiyam and
Balasubramanian, 2018).

In recent decades, diverse techniques, such as electrochemical processes, membrane separation, co-
agulation or flocculation, chemical oxidation and adsorption have been employed for the remediation of
wastewaters containing dyes, heavy metals or both. Adsorption has gained increased attention as a treat-
ment because it is a very efficient technique, that operates at ambient temperature and pressure, whilst
generating low amounts of residues. Adsorption is a physical-chemical treatment in which the dissolved
molecule binds to an adsorbent surface by means of physical and chemical properties. Depending on the
nature of the adsorbent and the origin of the dyes, different interactions may occur, such as electrostatic
interactions and van der Waals forces (Postai et al., 2016). Some types of adsorbent allow regeneration,
a characteristic that increases the sustainability of the treatment process (Reza and Ahmaruzzaman,
2015).

Activated carbon is the most applied adsorbent in wastewater remediation of dyes and heavy metals.
This adsorbent, although extremely effective, has significant drawbacks, namely its high cost that rep-
resents an economical problem. Also, most activated carbons cannot be regenerated because pore ad-
sorption is essentially irreversible. Removal of adsorbed analytes from activated carbon can be done
only by processes equivalent to the activation process itself, that are not sustainable and are more ex-
pensive than the use of virgin activated carbon and disposal of the used activated carbon as a solid waste
(Gupta and Suhas, 2009).

Therefore, there is a need for the development of low cost and easily available materials to be used
as adsorbents. These low-cost adsorbents should derive from locally available materials, preferably
wastes with minimum processing, in order to grant economic and environmental sustainability as well
as the capacity to use them in large-scale systems (Chang et al., 2016; Rafatullah et al., 2010).

RDF is produced in very significant amounts and not always used for its intended purpose, mostly
because its fuel properties tend to be affected by the composition of the waste streams used in its pro-
duction. In particular, low apparent density, low calorific value, high ash content and high chlorine
content are characteristics frequently found in RDF that do not favor its energetic valorization. As such,
torrefaction of this fuel has been proposed as an upgrading treatment in order to homogenize and im-
prove its physical and chemical characteristics, enabling it to be used as a fuel or in different material
applications (Biatowiec et al., 2017; Nobre et al., 2019b, 2016).

As seen in Chapters 3 and 4, torrefaction and carbonization notoriously had a negative effect on the
ash content. The mineral composition does not alter during these processes, but the yield of solid product
decreases, leading to a concentration of the mineral component on the char. High ash contents can hinder
energetic applications because they are related with several operational problems such as difficult dis-
posal of the ashes or slagging and fouling phenomena in the boilers (Niu et al., 2016). Due to this
limitation, chars with high ash content could be regarded as potential low-cost adsorbents, as described
by Correia et al. (2017).

Typically, torrefaction does not yield chars with high surface area, because at the operating temper-
atures a partial biomass decomposition occurs, but a porous structure is not developed (Mohan et al.,
2014). On the other hand, chars produced at moderate temperatures tend to preserve stable oxygenated
functional groups, being suitable for the adsorption of organic contaminants (Ahmad et al., 2014).
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As detailed in Chapter 2, some works report the use of RDF char produced at temperatures higher
than 500 °C, and subjected to some kind of activation process or the use of RDF without any treatment
in adsorption tests.

This chapter studied the adsorption capacity of RDF char produced at 300 °C for 30 min, using MB
and Cr (V1) as model adsorbates. The treatment of the RDF char by Soxhlet extraction with acetone and
by extraction with concentrated KOH was also performed and the capacity of the treated RDF chars to
remove MB was evaluated and compared with that of non-treated RDF char.

Batch adsorption experiments using non-treated RDF char and RDF char treated with KOH were
applied to MB solutions and included batch equilibrium experiments with variable adsorbent dose, so-
lution pH, contact time, MB initial concentrations and temperature. The adsorption of MB and Cr (V1)
in RDF char treated with KOH, was also studied in fixed-bed column experiments, varying the adsorbent
mass.

7.2. Materials and methods
7.2.1. Chemicals

Stock solutions of MB (Labchem) (Figure 7.1) and chromium VI (K.Cr,04, Panreac) with 1000
mg.L* concentration, were prepared by dissolving an appropriate amount of each compound in distilled
water. The working solutions were obtained by dilution of the stock solutions with distilled water. Fresh
dilutions were performed for the study on each adsorption process. All the chemicals used in this chapter
were of analytical grade.

Figure 7.1: Chemical structure of methylene blue (MB).

7.2.2. Raw material

The industrial RDF sample used in this chapter (Figure 7.2) was supplied by CITRI, S.A. The RDF
production process and RDF sampling procedure were identical to the detailed description given in
Chapter 3.

Figure 7.2: RDF sample used in this chapter, before particle size reduction.
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7.2.3. RDF char production and treatment

Lab-scale torrefaction was carried out in covered porcelain crucibles under oxygen-limited condi-
tions using a muffle furnace (Nabertherm® L3/1106), as described in Chapter 3, for a fixed temperature
of 300 °C and a fixed residence time of 30 minutes. After torrefaction, the RDF char was milled (DeLon-
ghi mill) and sieved to a particle diameter < 500 um (Retsch sieve).

The produced RDF char was chemically treated in order to assess the potential of the treatments in
enhancing adsorption capacity. Two treatments were applied:

1) Soxhlet extraction with acetone for a 12 h period, after which the RDF char (RDF char — Soxhlet)
was air dried for 12 h, and oven dried (Memmert) at 105 + 2 °C for 12 h.

2) Extraction with a concentrated KOH aqueous solution was performed through an adaptation of the
method described by Regmi et al. (2012). Briefly, 4 g of RDF char were mixed with 500 mL of 2 M
KOH solution and stirred for 1 h. This mixture was filtered and the RDF char (RDF char-KOH) was
recovered on qualitative filter paper. The RDF char-KOH was then mixed with distilled water and
the solution pH was adjusted to 7 with HCI 1 M. Finally, the mixture was filtered and RDF char-
KOH was recovered and oven dried (Memmert), at 105 + 2 °C, overnight.

Non-treated RDF char, RDF char-Soxhlet and RDF char-KOH were tested for their MB removal
efficiency, in order to select the most effective treatment. MB removal was evaluated through an adap-
tation of the fast adsorption test described by Correia et al. (2017). Briefly, 50 mg of each char sample
(in triplicate) were placed in centrifuge tubes and 10 mL of MB aqueous solution (100 mg.L™t) was
added. The tubes were shaken for 60 min (Heidolph) and after the contact time, the mixture was centri-
fuged at 3000 rpm for 5 min (Hettich EBA 20). The supernatant was removed by decantation and the
concentration of MB dye was determined by UV-vis spectrophotometry (Pharmacia LKB-Novaspec I1)
at 664 nm. MB concentrations were determined using a calibration curve, constructed with several di-
lutions from the MB stock solution (Appendix, Figure A.14).

7.2.4. RDF char characterization

Moisture, volatile matter and ash contents were determined gravimetrically according to the proce-
dures described in ASTM 949-88, 897-88 and 830-87, respectively. Fixed carbon (FC) was determined
by difference, on a dry basis (db).

Ultimate analysis (CHNS) was performed using an elemental analyzer (Thermo Finnigan — CE In-
struments Model Flash EA 112 CHNS series). Oxygen content was obtained by difference, on a dry ash
free basis (daf).

High heating values (HHV) of the chars were measured in a bomb calorimeter (IKA C200), using
benzoic acid as a calibration standard.

Point of zero charge pH (pHpzc) was determined through pH drift tests, using a pH meter (Crimson
MicropH 2001 meter). This was done by adding 10 mL NaCl solutions (0.01M) with pH values between
2 and 12 (adjusted using either HCI or NaOH, 0.1 M) to 30 mg of RDF char and shaking the mixture in
an overhead agitation system (Heidolph) for 24 h at room temperature. The pHpc value was determined
by plotting the final pH of the decanted solutions versus the initial pH of the NaCl solution added and
extrapolating the point where pHinitiai = pHrinal that corresponds to pHp,c (Faria et al., 2004). These char-
acterization tests were performed with replicates, and the presented results correspond to average values
(variation coefficient < 10%).

Porosity assessment was done by nitrogen gas porosimetry (Micromeritics ASAP 2010).

Fourier transform infrared (FT-IR) spectrophotometry was used to characterize the functional groups
present on the surface of chars. Solid samples were prepared using KBr pellets and data acquisition was
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performed in the range of 4000-400 cm™ using a Perkin-Elmer spectrophotometer (Model spectrum
1000).

7.2.5. Batch equilibrium experiments

A given amount of char was added into centrifuge tubes with 5 mL of aqueous solution of MB dye
having a specific concentration and pH value. The pH of the dye solution was adjusted to the required
value by adding HCI or NaOH 0.1 M (Panreac). The mixture was stirred at constant speed of 15 rpm
(Heidolph), during the contact time of each experiment. The effect of operating parameters such as
solution pH, adsorbent dose, contact time, MB dye concentration and temperature on the extent of dye
removal have been investigated. In the case of the temperature effect, shaking at constant speed in an
over-head shaker was replaced by incubation at room temperature (20°C) or in ventilated oven (Mem-
mert), for the temperatures of 30 °C and 40 °C, with periodic stirring (at each 15 min), during 15 s, using
a vortex shaker (REAX top shaker). After reaching the established contact time, samples were centri-
fuged (Hettich EBA 20) at 3000 rpm for 5 minutes and the supernatant was analyzed using an UV-vis
spectrophotometer (Pharmacia LKB-Novaspec I1), as described for the fast adsorption tests. All the tests
were conducted in triplicate, and the presented results correspond to average values (variation coeffi-
cient < 10 %).

o The effect of varying the adsorbent dosage in the removal of MB was tested in a range of 1to 6 g.L
! for MB solutions with an initial concentration of 100 mg.L™, a contact time of 60 min, at the natural
pH of the dye solution (6-6.5), and at room temperature.

o The effect of pH on the adsorption of MB was studied in a range from 2.0 to 10.0, with an initial MB
concentration of 100 mg.L™?, a contact time of 60 min, an adsorbent dosage of 5 g.L™%, and at room
temperature.

e The effect of contact time was determined for contact times between 3 minutes and 48 hours, with
an initial MB concentration of 100 mg.L, adsorbent dosage of 5 g.L %, without pH adjustment and
at room temperature.

o The effect of the initial dye concentration and temperature were evaluated for MB concentrations of
100, 200, 400 and 800 mg.L™* and for temperatures of 293.15, 303.15 and 313.15 K. Adsorbent doe
was 5 g.L%, contact time was 24 h (to ensure equilibrium) and there was no pH adjustment.

The adsorption capacity, q (mg.g™t), of the RDF char was calculated according to equation 7.1:

_ (Go=cpv

q(mg.g™") — Equation 7.1
Removal efficiency, R (%), was determined according to equation 7.2:
R(%) = (C"C_—Cf) x 100 Equation 7.2
0

where Co and Cr are the initial and final dye concentrations (mg.L™), respectively, V is the volume of
the solution (L), and m is the adsorbent mass (g).

In order to assess the adsorption reaction kinetics, two mathematical models (pseudo-first order and
pseudo-second order) were applied to the experimental data. The equations corresponding to these mod-
els are the following:
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Pseudo-first order: log(q. — q¢) = log(q,) — 21t Equation 7.3

2.303

where g. and g:are the amounts of dye adsorbed (mg.g™) at equilibrium and at time t (min), respectively,
and k; is the rate constant of adsorption (min) (Bulut and Ayd, 2006).

Pseudo-second order: - = 1 >+ £ Equation 7.4
at kaqg de

where k; represents the second-order constant (g.mg*.min), ge is the amount of dye adsorbed at equi-
librium (mg.g™) (Bulut and Ayd, 2006). ho is the initial adsorption rate (mg.g™*. min~!), which was cal-
culated through k2 and ge as reported by Tovar-Gomez et al. (2012):

hy = k,q3 Equation 7.5

Adsorption isotherms were studied using the data obtained at different MB concentrations and dif-
ferent temperatures. Three isotherm adsorption models (Langmuir, Freundlich, Temkin) were tested in
order to elucidate the adsorption mechanisms. The linearized equations corresponding to these isotherms
are the following:

. C 1
Langmuir e Ce
de 9mix  KrAmax

Equation 7.6

where C. is the concentration of dye at equilibrium in solution (mg.L?), ge is the amount of MB ad-
sorbed per unit mass of adsorbent at equilibrium (mg.g?), gmax is the maximum dye uptake, giving the
information about adsorption capacity for a complete monolayer (mg/g) and Ky is a constant regarding
the energy of adsorption and affinity of the binding sites (L.mg?) (Zhang et al., 2013).

Freundlich In(qe) = In(Ky) + ~In(Ce) Equation 7.7

where 1/n is the Freundlich coefficient and K is the Freundlich constant (mg.g?) and both parameters
give an indication of adsorption intensity and capacity, respectively (Pathania et al., 2017).

Temkin qe = S k) +Elince) Equation 7.8

where R is the universal gas constant (8.314 J.mol.K™), T is temperature (K), Kt is Temkin isotherm
equilibrium binding constant (L.g%) and Br is a constant related to heat of adsorption (J.mol™) corre-

sponding to %T , where b corresponds to Temkin isotherm constant (Zhu et al., 2018).

The thermodynamic parameters were determined according to the thermodynamic laws through the
following equations (Tran et al., 2016):

AG = —RTIn(K,) Equation 7.9
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where AG is the Gibbs free energy (J.mol?) and Kc is a dimensionless constant involving the ratio
between gein mg.L* and C also in mg.L ™.

AG = AH —TAS Equation 7.10

where AH represents enthalpy change (J.mol?) and AS represents entropy change (J.mol™*.K). By sub-
stituting Equation 7.9 into 7.10, comes the van't Hoff equation, as follows:

In(K,) = _}ATH X % + A}TS Equation 7.11

7.2.6. Fixed-bed column adsorption experiments

7.2.6.1. Methylene blue

Continuous adsorption experiments in a fixed-bed column were conducted with the char that exhib-
ited a better performance in the batch studies (RDF char-KOH). Tests were done in a glass column (1
cm diameter and 14 cm height), packed with a known quantity of adsorbent. Before adsorption the
column was conditioned with distilled water and the tests were conducted at room temperature. A solu-
tion of MB (100 mg.L™*) was pumped in down flow mode at a fixed flow rate using a peristaltic pump
(2.5 mL.mint). Samples were collected at fixed volumes of 20 mL. The effect of bed height (adsorbent
mass) was studied. Breakthrough curves were established by plotting C/C, versus effluent volume
(mL), where C; is the effluent MB dye concentration and C, is MB influent dye concentration. Break-
through time corresponded to the time at which C/C, equals 0.05 and exhaustion time corresponds to
Ci/C, equal to 0.95(Kumar and Jena, 2016).

Effluent volume, Vers (ML), was calculated from the following equation (Chen et al., 2012):
Verr = Q- texhaustion Equation 7.12
where Q is the flow rate (mL.mint) and texnaustion IS €xhaustion (min).

The total amount of methylene blue retained in the column (mg), was determined using equation 7.13
(Khadhri et al., 2019):

_ QA _ @ t=texhaustion .
Atotal = Too5 = Toog Jemo Cqqdt Equation 7.13

where A is the area above the breakthrough curve, C.q (mg.L™?) is the adsorbed concentration. Caq corre-
sponds to adsorbed dye concentration (mg.L™*) and was calculated by equation 7.14:

Caa = Co — C¢ Equation 7.14

Wiotal, COrresponds to the total amount of adsorbate sent to the column (mg) until saturation point,
and was calculated by equation 7.15 (Khadhri et al., 2019):
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Co0t : :
Wippar = 2 exhaustion astion Equation 7.15

The equilibrium uptake geq (Mg.g™) or maximum capacity of the column was calculated by equation
7.16 (Khadhri et al., 2019):

Qeq = % Equation 7.16

where m is the dry weight of adsorbent in the column (g).

The total amount of dye removed - R (%) was calculated using the following equation (Khadhri et
al., 2019):

R(%) = % X 100 Equation 7.17

total

According to Chen et al. (2012), the flow rate represents the empty bed contact time - EBCT (min)
in the column, as seen in equation 7.18:

nrz

EBCT =

Equation 7.18

where r2Z represents the volume of the bed and Z is bed height (cm).

The length of the mass transfer zone (cm) (MTZ) was calculate according to equation 7.19
(Fernandez et al., 2014):

texhaustion

MTZ =2 <1 - (MD Equation 7.19

where toreakthrough 1S breakthrough time (min).

Breakthrough curve modelling was done using the Thomas model, in its linearized form, as repre-
sented in equation 7.20 (Chen et al., 2012):

m(2-1)= "”’% — kg Cot Equation 7.20

where kry is the Thomas rate constant (ml.min!.mg™").
7.2.6.2. Chromium (V1)

RDF char-KOH was also tested for the adsorption of chromium (VI), using a 10 mg.L* aqueous
solution, prepared from K,Cr,Os (Panreac) and adjusted to pH=2 to avoid metal precipitation.
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Chromium adsorption was conducted in a glass column (1 cm diameter and 14 cm height), packed with
a specific adsorbent amount (0.500 g). The adsorption procedure was identical to the one described in
Section 7.2.6.1. Measurement of Cr (V1) concentrations was done through the standard colorimetric
method for Cr (V1) using 1,5- diphenylcarbohidrazide using a UV-vis spectrophotometer (Pharmacia
LKB-Novaspec 1) at 540 nm (Zhang et al., 2012). Calculations were done through a calibration curve,
constructed with several dilutions from the K,Cr,04 stock solution, after being submitted to the same
reaction as the samples (Appendix, Figure A.15).

7.3. Results and discussion
7.3.1. Adsorbent selection and characterization

The removal efficiencies of the RDF char and the treated chars (RDF char-Soxhlet and RDF char-
KOH) are presented in Figure 7.3, and compared with the removal efficiency of a commercial activated
charcoal.
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Figure 7.3: Results for the quick adsorption test for adsorbent selection.

Both activation processes had a positive effect in the char removal efficiency towards MB, indicating
that the removal of organic and inorganic products adsorbed in the char surface is essential to increase
the availability of pores or functional groups for MB adsorption to occur at a greater extension. Never-
theless, only RDF char-KOH was able to present a removal efficiency closer to that of activated carbon,
removing around 95.9 % of the dye present in the solution. The basic treatment, when compared with
the solvent extraction, removed tars (that were deposited in the surface of the char) more extensively,
thus promoting a more pronounce removal of MB molecules. The RDF char with no treatment presented
a removal efficiency of only 41.0 %, but the study of its adsorption capacity, is still interesting since
production costs and environmental impacts are only related with the torrefaction process, whereas the
activated chars have further energy requirements associated with cleaning treatment, that also generates
large volumes of contaminated effluents. More detailed char characterization tests and MB adsorption
studies were therefore conducted with the RDF char-KOH and the non-treated RDF char.

Results for the characterization of RDF char and RDF char-KOH are shown in Table 7.1.
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Table 7.1: Proximate analysis, elemental analysis, high heating value (HHV) and pHp;. results for the RDF char
and RDF char-KOH.

Parameter Unit RDF RDF char RDFchar-KOH
Moisture wt.%, ar? 7.0 1.7 1.2
Volatile matter 76.1 61.1 63.7
Ash wt.%, dbP 10.7 21.9 235
Fixed carbon 13.2 17.0 12.8
C 38.2 59.7 66.8
H 5.2 6.0 6.5
N wt.%, daf¢ 2.3 1.1 1.4
S 0.4 0.2 0.0
0] 53.9 33.0 25.3
o/C 1.06 0.4 0.3
H/C 1.63 1.2 1.2
HHV Ml .kg?, db 15.9 17.2 19.6
pHpzc 6.5 6.8
Surface areager m2g? 4.049 4.265

aar, as received basis;db,dry basis; °daf, dry ash free basis.

As expected with torrefaction, moisture content decreased significantly from the original RDF to the
produced char. Torrefaction is known for enhancing the hydrophobic characteristics of materials, mak-
ing them more resisting to biological degradation and storage due to water removal (Wilk et al., 2015).

The increase in fixed carbon content is a result of the devolatilization process and hence the decrease
in the amount of volatile matter (Weber and Quicker, 2018). As fixed carbon is determined by difference
from the other proximate analysis parameters, it increased significantly from the original RDF (13.26
wt.%) to sample RDF char (16.97 wt.%). The treatment with KOH decreased moisture, volatile matter
and fixed carbon and increased ash content relatively to the non-treated char. This indicates that the
basic treatment probably removed some tars from the surface of the char but some retention of K* or
OH- ions by adsorption or reaction may also occur (Regmi et al., 2012).

As seen in Table 7.3 both chars presented ash values above 20 wt.%, a characteristic that is not
favorable to their energetic valorization. Nonetheless, high ash is not relevant for adsorption applications
and can even contribute to greater efficiencies in pollutant removal (Buah and Williams, 2010).

Carbon and hydrogen contents increased markedly, whereas nitrogen, sulphur and oxygen decreased
with the torrefaction treatment. The treatment with KOH further increased the concentration of carbon
and hydrogen mainly at the expense of oxygen reduction, indicating that the extraction with aqueous
KOH selectively dissolved oxygenated compounds which is expectable since those compounds are more
polar than hydrocarbons. The KOH treatment also decreased nitrogen and sulphur concentrations in the
RDF char-KOH, a positive effect regarding fuel applications.

Both chars presented low O/C and H/C ratios when compared to the original RDF, and these reduc-
tions are mainly caused by water release and partial elimination of oxygen by decarboxylation, decar-
bonylation and dehydration reactions that occur during the torrefaction process (Bergman et al., 2005).
The deoxygenation effect associated with the treatment with KOH is reflected in the decrease of O/C
ratio and increase of HHV that was observed for the RDF char-KOH when compared to the non-treated
char.

The surface of adsorbents may contain both negatively and positively charged sites, depending on
the pH of the medium. According to the pHy.c concept, at pH > pHy.c the surface becomes negatively
charged favoring the adsorption of cationic species while adsorption of anionic species will be favored
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at pH < pHpz (Faria et al., 2004). As such it is expected that the adsorption of cationic MB will be
favored by electrostatic interactions, for both chars at higher pH (above 6.5), given their pHpzc values.

The specific surface areas of the RDF char and RDF char-KOH were determined based on the nitro-
gen adsorption at 77 K (Figure 7.4).

@)

—@— Adsorption

adsorbed (cmi.g-

—@— Dessorption

STP)
oo e e et
[== T O R Y o N I L = -]

Quantity

0 0.5 1 1.5
Relative pressure (p/p?)

(b)

o
o

—
o OV GO 2

—@— Adsorption

STP)
= —
[ I O]

0.

—@— Dessorption

Quantity adsorbed (cm?.g-

e e
[SJ SN

0 0.5 1 1.5
Relative pressure (p/p?)

Figure 7.4: N, adsorption—desorption isotherms of: (2) RDF char and (b) RDFchar-KOH.

Collected data suggests that these chars present type Il isotherms (according to IUPAC classifica-
tion), characterized by multilayer adsorption, that is typical of non-porous or microporous solids
(Thommes et al., 2015). The BET surface area of sample RDF char was 4.049 m2.g?, whereas sample
RDF char-KOH presented a value of 4.265 m2.g. These are very low surface area values, corroborating
the absence of a porous structure, but the slightly higher value obtained for the RDF char-KOH indicates
that there was a slight improvement of adsorption capacity by removal of adsorbed species. Some low-
cost adsorbents like lotus leaf (Han et al., 2011) also presented low values for BET surface areas. The
BET surface area, evaluated by N, adsorption, relates to the capacity of adsorption in porous structures
but may not reflect the capacity of adsorbing organic contaminants, such as MB, with much larger mo-
lecular size and different dipole moment characteristics (Zhu et al., 2018). Furthermore, the develop-
ment of a porous structure by thermal/physical activation methods entails expenses and environmental
impacts which would hinder the entire concept of sustainable and low-cost adsorbents (Hadjittofi et al.,
2014)

FT-IR data can elucidate the nature of the functional groups at the surface of the char which, given
the lack of porosity of these chars, may influence their adsorption behavior. The infrared spectra of RDF
char and RDF char-KOH is presented in Figure 7.5. Both chars showed a significant number of absorp-
tion peaks. These chars are produced from a waste derived fuel comprising significantly different mate-
rials and this observation corroborates the complexity of these samples.
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Figure 7.5: FT-IR spectra for the adsorbents used in this work (RDF char, and RDF char-KOH).

There is a broad band located at 3371.18 cm™ (RDF char) and 3401.33 cm™ (RDF char-KOH) at-
tributed the stretch vibration of bonded hydroxyl groups on the surface of chars. The broad absorption
peak at 2920.28 cm™ (RDF char) and 2921.01 cm™ (RDF char-KOH) was attributed to the asymmetrical
stretch vibration of methyl groups (Coates, 2000). Typical C=0 stretching in non-aromatic carboxyl
groups was found at 1707.69 cm™ (RDF char) and at 1713.36 cm™ (RDF char-KOH) (Das et al., 2015).
Bands around 1600 cm™ were assigned to C=C stretching of aromatic rings, specifically at 1611.80
cm™! for the RDF char and 1600.04 cm™ for RDF char-KOH (Das et al., 2015). These first bands pre-
sented approximately the same intensity for both chars.

The peak at 1430.83 cm™ was more intense for the RDF char than it was for the RDF char-KOH and
it can be associated with a -COO- asymmetric vibration of carboxylic groups (Bedin et al., 2016). Bands
located at 1384.56 cm™ (RDF char) and 1377.22 cm™ (RDF char-KOH) were assigned to O—H bending
in phenols or asymmetrical C-H bending in CH3 groups (Coates, 2000). The band at 1264.11 cm™ exists
only in sample RDF char-KOH and is attributed to Aryl-O stretching in aromatic ethers in lignin
(Correia et al., 2017). Bands around 1105.24 cm™ and 1033.21 cm * (RDF char) that were more intense
for the char without basic treatment, indicate the presence of C-O single bonds, such as the ones existing
in alcohols, phenols, acids, ethers or esters (Bedin et al., 2016).

Lastly, the final bands found between 800 — 700 cm™ were more intense for the sample RDF char,
and can be assigned to C-H and CH=CH; stretching vibrations in aromatic structures (Li et al., 2011).
The results of the FT-IR analysis indicated that a large number of carboxylic and hydroxy! groups were
included on the surface of both chars, and these groups have the potential to be active sites for interaction
with the studied cationic dye.
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7.3.2. Batch equilibrium experiments

7.3.2.1. Effect of pH

Effect of solution initial pH on MB adsorption onto RDF char and RDF char-KOH was examined,
and the results are illustrated in Figure 7.6.
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Figure 7.6: Influence of solution initial pH on MB adsorption onto RDF char and RDF char-KOH. (a) Removal

efficiency, (b) Amount adsorbed, g. (MB concentration = 100 mg.L"*; Contact time = 60 min; Adsorbent dosage
=5g.L7%).

RDF char-KOH shows a high adsorption capacity of MB from pH 6 to pH 12, with removal efficien-
cies starting at 95.3 % (q=16.4 mg.g?) reaching 99.0 % at pH 12 (q = 16.8 mg.g?). For RDF char, a
significant increase in removal efficiency is shown between pH 8 (80.9 %) and pH 12 (97.5 %), and at
the highest pH both chars have comparable removal efficiencies (97.5 % for RDF char and 99.0 % for
RDF char-KOH).

From pH 6.8 forward, MB solution pH is higher than the pHpzc of both chars, so the chars, when in
contact with MB solution at that pH range will be negatively charged, contributing to an increased re-
moval efficiency. Nevertheless, pH adjustments require expenditure of acid or base in order to achieve
the desired pH, which can represent an extra cost for the adsorption process. As such, further tests were
always performed without pH adjustment.

7.3.2.2. Effect of adsorbent dose

Increasing the adsorbent dosage increased the removal efficiency for both tested chars, as expected
by the higher availability of adsorption sites (Figure 7.7).

121



Chapter 7: Material valorization of RDF char — Use as low-cost adsorbent

@
100 [ _

60

40 r

L LD

1 2 3 4 S 6
Adsorbent dosage(g.L™)

Removal efficiency (%)

BRDFchar ORDFchar - KOH
(b)
35
30
QZS -
@20 f
(@]

€15 t

~

0 Il Il Il Il Il ]
0 1 2 3 4 5 6

Adsorbent dosage (g/L)

—@— RDFchar —@®—RDFchar - KOH

Figure 7.7: Influence of adsorbent dose on MB adsorption onto RDFchar and RDFchar-KOH. (a) Removal effi-
ciency, (b) Amount adsorbed, g. (MB concentration = 100 mg.L"*; no pH adjustment; Contact time = 60 min.).

RDF char-KOH had removal efficiencies higher than 80 % for adsorbent doses higher than 3 g.L*,
while the non-treated RDF char only presented a removal efficiency higher than 50 % for an adsorbent
dose of 6 g.L%. The increase of removal efficiency with the adsorbent mass can be ascribed to the in-
creased surface area and availability of more adsorption sites (Kallel et al., 2016; Mahmoud et al., 2012).
But, further increasing the adsorbent dose above a given value may have no improvement effect on the
removal efficiency, either because 100 % removal is achieved or because the adsorption mechanism is
reversible and desorption starts to occur. Considering the analyte concentration in the char, as can be
seen in Figure 7.7b, it decreased for both chars for adsorbent doses higher than 3 g.L* regardless of the
increase of removal efficiency, indicating an incomplete occupation of the adsorption sites. This behav-
ior has also been described by Han et al. (2011) using lotus leaf as an adsorbent, and by Reddy et al.
(2015) using corn cob.

7.3.2.3. Effect of contact time

It can be seen from Figures 7.8a and 7.8b that the removal efficiency, as well as the amount of dye
adsorbed, increased with increasing contact time, until reaching a plateau from 4 h to 48 h in the case of
the RDF char-KOH and from 24 h to 48 h for the RDF char. This stabilization is related with a state of
dynamic equilibrium where the amount of adsorbed dye is in equilibrium with the dye still present in
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the solution (Mahamad et al., 2015). Furthermore, RDF char-KOH seemingly reaches equilibrium faster
(~ 6 h) than RDF char (~24 h).
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Figure 7.8: Influence of contact time on MB adsorption onto RDF char and RDF char-KOH. (a) Removal effi-

ciency, (b) Amount adsorbed, g. (Adsorbent dosage = 5 g.L; MB concentration = 100 mg.L*; no pH adjustment;
room temperature).

The different MB adsorption capacities of these two RDF chars is clearly elucidated by their behav-
iors at lower contact times (from 3 min to 1h): the MB removal efficiency varied from 10.1 to 92.4 %
for the non-treated RDF char and was in the range of 79.5 to 92.4 % for the RDF char-KOH.

Kinetic study

In order to analyze the adsorption kinetics of MB onto RDF char and RDF char-KOH, the pseudo-
first-order (Equation 7.3) and the pseudo-second-order (Equation 7.4) models were applied to the ex-
perimental data.

For the pseudo-first-order model, the values of k; and g. were obtained from the slope and intercept,
respectively, of plots of log (ge — q¢) versus t (Figure 7.9a). For the pseudo-second-order model k; and
ge Were calculated from the slope and intercept in the plot of t/qt versus t (Figure 7.9b).
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Figure 7.9: Adsorption kinetics of MB onto RDF char and RDF char-KOH: (a) Pseudo-first-order model and (b)
Pseudo-second-order model.

As it can be seen from Table 7.2, the pseudo-first-order model cannot adequately describe the ad-
sorption behavior of the RDF chars, since the calculated ge values did not agree with the experimental
ones, and the regression coefficient (R?) was considered low (0.8309 for RDF char and 0.6362 RDF
char-KOH). The pseudo-second-order model fitted the experimental data better, and enabled the calcu-
lation of ge values with differences of 0.6 % comparing with the experimental ones. R? values obtained
for the pseudo-second-order model were above 0.97 for both tested chars (0.9777 for RDF char and
1.000 for RDF char-KOH) reflecting a good adjustment between calculated values and experimental
data. Similar results have been obtained for MB adsorption onto different low-cost adsorbents, like
defatted algal biomass (Chandra et al., 2015), date palm leaves (Gouamid et al., 2013), almond gum
(Bouaziz et al., 2015), garlic straw (Kallel et al., 2016) or soursop and sugarcane (Meili et al., 2018).
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Table 7.2: Kinetic parameters for the adsorption of MB onto RDF char and RDF char-KOH.

o Sample
Kinetic model
RDFchar RDFchar-KOH

O (experimentaly (MY.g™) 15.08 17.32
Pseudo-first order

k! (mint) -0.0009 -0.0012
de (Mg.g ) 2.6988 1.2687
R? 0.8309 0.6362
Pseudo-second order

k? (g.mg*.min) 0.0006 0.0186
de (Mg.g?) 15.1745 17.2117
ho (mg.g*.min) 0.1307 5.5157
R? 0.9777 1.0000

According to Ho and McKay (1999), when the adsorption data can be described by a pseudo-second-
order model the adsorption mechanism is probably chemisorption involving electrostatic forces or bond
forming through partition or exchange of electrons between adsorbent and adsorbate. This affirmation
can also be related with the FT-IR data discussed in section 7.3.1., since the FT-IR spectra revealed the
existence of several functional groups on the surface of the RDF char adsorbents that have potential to
be involved in chemical interactions with ionized dye molecules. The influence of the pH on the removal
efficiency is also an indication of charge-related interactions between the analyte (MB) and the RDF
chars.

7.3.2.4. Effect of initial dye concentration and temperature
Figures 7.10 and 7.11 show the effect of the initial MB concentrations and temperature on the dye

removal efficiency and on the amount of dye adsorbed by RDF char (Figure 7.10a and 7.11a) and RDF
char-KOH (Figure 7.10b and 7.11b).
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Figure 7.10: Influence of initial MB concentration and temperature on MB adsorption removal efficiency onto: (a)
RDF char and (b) RDF char-KOH.

Removal efficiency increased with temperature for both chars but especially for the non-treated RDF
char. This is an indication that the adsorption process has an endothermic nature (Cherifi et al., 2013).
According to Han et al. (2011), increased removal at higher temperature could be related with the
activation energy necessary to establish bonds between MB and the active sites of the chars, that is more
available at higher temperatures.

According to Bouaziz et al. (2015) initial dye concentration provides a driving force to overcome
mass transfer resistance of the molecules between the aqueous and solid phases. Results show that in-
creasing MB concentration from 100 mg.L*to 800 mg.L™ decreased removal efficiency for the RDF
char, from 64.4 to 39.3 % at 20 °C and from 88.7 to 42.5 % at 40 °C, an evidence of the limited capacity
of this char to remove MB from the aqueous solution. The MB removal efficiency of the RDF char-
KOH, increased when MB initial concentration increased from 100 mg.L™ to 400 mg.L* and only de-
creased when dye concentration reached 800 mg.L. Furthermore, the MB removal efficiencies of RDF
char-KOH were always higher than 86 % for all MB concentrations and temperatures tested. The reduc-
tion in removal efficiency at higher MB concentrations is largely due to saturation at the surface of the
adsorbent (Othman et al., 2018) and this saturation occurs at a significantly lower concentration (100
mg.L?) for the sample RDF char than for the sample RDF char-KOH (800 mg.L™). The amount of MB
in the char (g, mg.g™?) as represented in Figure 7.11, increased for both chars as the MB concentration
increased, especially for 400mg.L* and 800 mg.L.
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Figure 7.11: Influence of initial MB concentration and temperature on amount of MB adsorbed onto: (a) RDF char
and (b) RDF char-KOH.

Maximum MB concentration in the non-treated RDF char was 68.8 mg.g?, obtained at 30 °C for an
MB initial concentration of 800 mg.L? , while for the RDF char-KOH the highest MB amount in the
char was of 143.9 mg.g?, also obtained at 30 °C and the same MB initial concentration. These results
indicate that although presenting similar adsorption mechanisms, the two chars have surfaces with dif-
ferent functionalities, which translates into a higher capacity of the RDF char-KOH to adsorb MB.

Isotherm study

The nature of the interaction that is established between the MB molecules and the adsorbents can
be understood from the adsorption isotherms. According to Narvekar et al. (2018) an adsorption iso-
therm refers to a graphic relating the amount of substance that is adsorbed to the equilibrium concentra-
tion of the adsorbate molecules in the solution, in this case MB, at a specified temperature. The obtained
data were fitted using three isotherms models, namely, Langmuir (Equation 7.7), Freundlich (Equation
7.8) and Temkin (Equation 7.9).

The Langmuir adsorption isotherm assumes that adsorption takes place at specific homogeneous sites
within the adsorbent and the adsorption of each molecule onto the surface has equal adsorption activa-
tion energy (Bulut and Ayd, 2006). The results of data fitting onto Langmuir isotherm are shown in
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Figure 7.12 and Table 7.3. Values of K_and gm were obtained from the intercept and the slope of the
plot of Ce/ge against Ce, respectively.
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Figure 7.12: Langmuir isotherms of MB dye adsorption onto (a) RDFchar and (b) RDFchar-KOH. MB concentra-
tions =100, 200, 400 and 800 mg.L %, T=293.15, 303.15, 313.15 K, contact time = 24 h, adsorbent dosage = 5g.L"
1, no pH adjustment.

Table 7.3: Model parameters estimated for the Langmuir adsorption isotherm of MB onto RDF char and RDF
char-KOH, for concentrations between 100-800 mg.L™!, and temperatures 293.15 K, 303.15 K and 313.15 K.

Sample
Isotherm parameters RDF char RDF char-KOH
293.15 303.15 313.15 293.15 303.15 313.15
K K K K K K

K (L.mg™) 0.004 0.010 0.016 0.006 0.007 0.006
gmax (Mg.g™Y) 100.000 84.746 76.923 208.333 256.410 204.082
100 mg.L? 0.0318 0.0556 0.0916 0.144 0.138 0.167

R 200 mg.L? 0.0160 0.0257 0.0284 0.110 0.140 0.140
400 mg.L? 0.0160 0.0077 0.0084 0.064 0.096 0.076

800 mg.L* 0.0056 0.0022 0.0022 0.009 0.013 0.010

R? 0.8998 0.9817 0.9813 0.8512 0.5806 0.8841
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The results show that the Langmuir isotherm resulted in poor fits for RDF char-KOH with R2 values
of 0.8512, 0.5806 and 0.8841 at 293.15 K, 303.15 K and 313.15 K, respectively, over the whole tested
MB concentration range. On the other hand, RDF char adsorption behavior was better described by the
Langmuir isotherm, having R? value above 0.98 at 303.15 K and 313.15 K and of around 0.89 at 293.15
K. High R? values are related with the homogeneous nature of the adsorbent surface. R, values (Table
7.4) indicate if the adsorption is unfavorable (R >1), linear (R, = 1), favorable (0<R.<1), or irreversible
(RL=0) (Pathania et al., 2017; Zhang et al., 2012). The obtained R. values, for both chars at the three
temperatures and four MB concentrations, show that the adsorption is favorable, falling in the interval
between 0-1 (Rangabhashiyam and Balasubramanian, 2018). Moreover, R values also reveal that the
adsorption process becomes more favorable with increasing initial MB concentration, as reported by
other authors (Kumar and Kumaran, 2005; Peydayesh and Rahbar-Kelishami, 2015).

According to Zhang et al. (2012), the Freundlich isotherm is used for non-ideal adsorption that in-
volves heterogeneous surface energy systems. The results for the fitting of the obtained data into the
Freundlich isotherm are depicted in Figure 7.13 and the calculated isotherm parameters are shown in
Table 7.4.
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Figure 7.13: Freundlich isotherms of MB dye adsorption onto (a) RDF char and (b) RDF char-KOH. MB concen-
trations =100, 200, 400 and 800 mg.L*, T= 293.15, 303.15, 313.15 K, contact time = 24 h, adsorbent dosage =
5g.L%, no pH adjustment.
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Table 7.4: Model parameters estimated for the Freundlich adsorption isotherm of MB onto RDF char and RDF
char-KOH, for concentrations between 100-800 mg.L, and temperatures 293.15 K, 303.15 K and 313.15 K.

Sample
'SOthertmerzarame' RDF char RDF char-KOH
20315K  30315K  31315K  20315K  303.15K  313.15K
Ki 1.101 0.487 0.265 1.562 1.710 0.574
1/n 0.721 0.572 0.481 1.653 0.890 0.998
R? 0.9467 0.9332 0.9041 0.4301 0.8504 0.7098

Freundlich constant Kr can be used as an indicator of adsorption capacity, whereas 1/n can be related
with adsorption intensity. These parameters are calculated from the intercept and slope of the plots in
Figure 7.13. R? values for the RDF char were found to be 0.9467, 0.9332, and 0.9041 for the adsorption
at 293.15, 303.15, and 313.15 K, respectively. On the other hand, the Freundlich isotherm gave a poor
fit for RDF char-KOH adsorption data with very low R? values of 0.4301, 0.8504 and 0.7084 at 293.15,
303.15, and 313.15 K, respectively, demonstrating the weak applicability of this model to the adsorption
of MB onto RDF char-KOH.

The calculated 1/n was found to be in the range of 0.481-0.721 for RDF char and 0.890-1.653 for
RDF char-KOH. When this parameter presents values between 0 and 1, indicates that the adsorption
process involved chemical interactions between adsorbent and analytes (Zhang et al., 2012).

Temkin isotherm contains a factor that explicitly takes into the account interactions between analytes
and adsorbents. This isotherm assumes that the heat of adsorption of all the molecules in the layer de-
creases linearly with coverage due to adsorbent-adsorbate interactions, and that the adsorption is char-
acterized by a uniform distribution of binding energies, up to a maximum binding energy (Gouamid et
al., 2013). The Temkin constants Bt and Kt were calculated from the slope and intercept of the plot ge
vs In Ce (Figure 7.14) and are shown in Table 7.5.
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Figure 7.14: Temkin isotherms of MB dye adsorption onto (a) RDF char and (b) RDF char-KOH. MB concentra-
tions =100, 200, 400 and 800 mg.L™*, T=293.15, 303.15, 313.15 K, contact time = 24 h, adsorbent dosage = 5g.L"
!, no pH adjustment.

Table 7.5: Model parameters estimated for the Temkin adsorption isotherm of MB onto RDF char and RDF char-
KOH, for concentrations between 100-800 mg.L1, and temperatures 293.15 K, 303.15 K and 313.15 K.

Sample
'SOthergr':arame' RDF char RDF char-KOH
20315K  30315K  31315K  20315K  303.15K  313.15K
Kr (L.g%) 0.047 0.106 0.206 0.276 0.321 0.348
B (J.mol?) 122278 137.246 171.004 58.055 54.464 62.948
R? 0.9602 0.9511 0.9067 0.9473 0.8970 0.9542

The Temkin constant Br was 122.278, 137.246, and 171.004 J.mol* at 293.15 K, 303.13 K and
313.16 K, respectively, for RDF char. The Bt values for RDF char-KOH were lower, 58.055, 54.464
and 62.948 J.mol* for the same order of temperatures.

The R? values obtained with this isotherm for both chars are more homogeneous, when compared
with the previous two isotherms. For RDF char, R? values were above 0.90 for the three tested temper-
atures, and for RDF char-KOH at 293.15 K and 313.15 K R? was also above 0.90. According to
Baghapour et al. (2013), high R? values in this model also indicate that the adsorption probably follows
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a chemical mechanism. The fact that both chars present very significant Bt values, is also an indication
of chemisorption, since a high Bt value is indicative of the chemical nature of the adsorption process
(Bouaziz et al., 2015; Kallel et al., 2016). Furthermore, the Temkin isotherm model mainly describes
chemical adsorption process as electrostatic interactions, and given the obtained R?values, this type of
interaction may be an important mechanism affecting the adsorption of MB mainly onto RDF char, since
RDF char-KOH presented lower Bt values (Fan et al., 2017)

From the three tested isotherm models at three temperatures, with four MB dye concentrations, it
was possible to assess that RDF char and RDF char-KOH have different adsorption behaviors between
themselves. RDF char fits well in the Langmuir isotherm at 303.15 K and 313.15 K, presenting R? values
> 0.98. On the other hand, RDF char-KOH presented the best correlation for all temperatures with the
Temkin isotherm. This can be related with the basic treatment, yielding chemical alterations in the char,
that led to a higher removal capacity due to mixed adsorbent-adsorbate interactions, involving both pore
adsorption and surface interactions mediated by specific functional groups.

For sake of comparison, Table 7.6 presents different adsorbents used for MB remediation, with their
maximum adsorption uptakes. The adsorbents tested in this study presented values within the range of
several biomass wastes as well as activated carbons produced from low-cost precursors.

Table 7.6: Comparison of the maximum monolayer adsorption of MB onto various adsorbents (293.15 K).

Omax

Adsorbent Reference
(mg/g)

Refuse derived fuel char 100.0 This work
Treated Refuse derived fuel char 208.3 This work
Almond gum 250.0 (Bouaziz et al., 2015)
Mango seed kernel powder 142.9 (Kumar and Kumaran, 2005)
Acid treated kenaf fiber char 18.18 (Mahmoud et al., 2012)
Oil palm leaves 103.0 (Setiabudi et al., 2016)
Casuarina seed-biochar 4.69 (Bharti et al., 2019)
Fly ash 0.0727 (Potgieter et al., 2018)
Activated carbon from pineapple waste 288.3 (Mahamad et al., 2015)
Activated carbon from coconut shell 62.1 (Aljeboree et al., 2017)
Activated carbon from buriti shells 274.6 (Pezoti et al., 2014)
Activated carbon from waste paper 99.0 (Reza and Ahmaruzzaman, 2015)

Thermodynamic study

Operating temperature has considerable importance in order to estimate the thermodynamic param-
eters for the adsorption equilibrium. Thermodynamic calculations, namely AG, AH and AS were deter-
mined. Gibbs free energy was determined according to Equation 7.10 and the values of AH and AS were
calculated from the slope and the intercept of the linear plot of In K¢ as a function of 1/T, via the van't
Hoff equation (Equation 7.12). Results are shown in Table 7.7.
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Table 7.7: Thermodynamic parameters for the adsorption of MB onto RDF char and RDF char-KOH.

Adsorbent Temperature AG (kJ.moll)  AH (kl.moll)  AS (J.moll.K) R?
293.15 -10.41 54.41 221.3 0.9966
RDF char 303.15 -12.81
313.15 -14.91
293.1 -14.97 14, 75. .
RDF char- 93.15 9 09 5.5 0.5586
303.15 -15.71
KOH
313.15 -16.99

The values of AG were found to be negative for all studied temperatures indicating the spontaneous
and favorable nature of MB adsorption onto RDF char and RDF char-KOH. Meanwhile, with the in-
crease in temperature, AG values decreased further, implying that higher temperature favors MB ad-
sorption. The positive value of AH suggests that the adsorption of MB onto the studied chars was endo-
thermic, and the positive value of AS indicates an increase in the degree of randomness (or disorder) at
the solid/solution interface during the adsorption process. AS also indicates that MB shows significant
affinity for the used adsorbents. These results are in line with several studies conducted with different
adsorbents using MB (Bulut and Ayd, 2006; Fan et al., 2017; Ghosh and Bandyopadhyay, 2017; Han et
al., 2009, 2011; Mahmoud et al., 2012).

According to Ghosh and Bandyopadhyay (2017), there are three regimes describing the adsorption
mechanism based on the values of AH: if AH presents a value between 0-20 kJ.mol* van der Waals
forces are predominant; if AH ranges between 20-80 kJ.mol™ there is a contribution of electrostatic
interactions, and lastly for AH between 80-450 kJ.mol* chemisorption occurs. As seen from Table 7.7,
the studied chars fall into different regimes. RDF char presents a AH of 54.41 kJ.mol™* and RDF char-
KOH has a AH value of 14.09 kJ.mol?, meaning that the non-treated char presents a contribution of
electrostatic interactions and the KOH treated char has a predominance in van der Waals forces. These
results are in accordance with the previous findings in the isotherm and kinetic studies as well as FT-IR
analysis, since RDF char took longer to reach equilibrium and presented higher Bt values in the Temkin
isotherm. These results are also in line with the difference between chars regarding temperature, since
the effect of temperature in the adsorption was more evident for RDF char. This is evident from the
correlation for RDF char-KOH, which does not represent a good fit (R>=0.5586), in practical terms this
means that whereas RDF char presented significantly decreasing Ce values, RDF char-KOH removed
almost the same amount of MB regardless of the varying temperature, presenting very little variation in
C.values. The lack of fit of RDF char throughout the studies performed, reveals a more complex nature
on the adsorption process for this particular waste-derived char.

7.3.3. Fixed-column experiments

Batch studies are useful to compare adsorbents, to evaluate the influence of different adsorption pa-
rameters and to establish adsorption equilibrium conditions. On the other hand, batch adsorption is dif-
ficult to apply to industrial treatment systems due to associated costs and complexity at a larger scale
(Potgieter et al., 2018; Russo et al., 2016).

Adsorption in a fixed-bed column allows to evaluate adsorption in a dynamic mode, which is relevant
for the adaptation of the process to an industrial scale (Chen et al., 2012).

In that sense, after performing batch studies, the adsorbent RDF char-KOH was chosen to proceed
to column studies due to its effectiveness, faster removal rate and higher removal efficiencies towards
MB. Moreover, this adsorbent was also tested for its removal capacity of Cr (VI1), since most effluents
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do not contain solely dyes. Industrial effluents are very complex mixtures usually containing organic
and inorganic components (Rangabhashiyam and Balasubramanian, 2018; Saranya et al., 2018).

The breakthrough curves obtained for different bed heights with RDF char-KOH using MB as an
adsorbate are shown in Figure 7.15, and the breakthrough curve obtained for Cr (VI) at a fixed bed
height is shown on Figure 7.16.
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Figure 7.15: Effect of bed height on the breakthrough curves of MB dye, with initial MB concentration of 100
mg.L* and a flow rate of 2.5 mL.min™%,
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Figure 7.16: Breakthrough curves of Cr (VI) 10 mg/L, pH=2 and a flow rate of 2.5 mL.min"%.

The adsorbent masses of 0.250 g, 0.500 g and 1 g correspond to bed heights of 2, 4 and 6 cm (Figure
7.15). Data extracted from the breakthrough curves can be found in Table 7.8.
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Table 7.8: Adsorption breakthrough data for MB adsorptions tests in fixed-bed column varying adsorbent mass,
and for Cr (V1) adsorption test.

RDF char-KOH

Data
MB Cr (VI)
Co (mg.L?) 100 100 100 10
pH 6.5 6.5 6.5 2
Z (cm) 2 4 6 4
Q (mL/min) 2.5 2.5 2.5 2.5
Breakthrough time (min) 4 128 368 92
Saturation time (min) 188 336 683 276
Vesi (ML) 460 840 1670 690
(totat (MQ) 18.0 32.3 67.5 8.3
Wiota (M) 38.2 68.3 138.8 17.3
Qeq (MQ/Q) 70.7 64.3 64.3 16.5
R (%) 22.2 47.3 48.6 47.9
MTZ (cm) 2.0 2.5 2.8 2.7
EBCT (min) 3.9 7.9 11.8 7.9

The breakthrough curves are almost similar to an “S” shape profile, which is normally produced in
adsorption systems. The results indicate that the breakthrough volume varies with bed height, which
means that a higher volume of MB solution is remediated with a higher bed height (that in turn corre-
sponds to a higher amount of adsorbent). With a higher bed height, the influent MB solution had more
contact time with a higher amount of adsorbent, resulting in a better removal efficiency. These results
are similar with other reports found in the literature for chitosan— glutaraldehyde biosorbent with Direct
blue 71 (L6pez-Cervantes et al., 2018) or peanut husk with MB (Song et al., 2011). When the bed height
is decreased, the removal percentage is decreased from 48.6 % (Z=6) to 22.2 % (Z=2), and the total
weight of MB adsorbed by RDF char-KOH in the column () is also decreased from 67.5 to 18 mg.
The EBCT also increased from 3.9 min to 11.8 min with the bed depth increasing from 2 cm to 6 cm.

Furthermore, the slope of the breakthrough curve, meaning, the fact that the front of the “S” shape is
deviated to the right is related with mass transfer phenomena, since the mass transfer zone is broadened,
as seen from the MTZ values, that increase with increasing bed height (Song et al., 2011; Taty-Costodes
et al., 2005). The slope deviation can also be related with an increase in the axial dispersion of the dye
over the column with an increase in bed height (Song et al., 2011) .

Cr (VI) removal in fixed-column mode had an efficiency of 47.9 %, with a bed height of 4 cm (~0.500
g of adsorbent). It was found that the column got saturated at about 276 min for a saturation volume of
690 mL. This experiment was conducted in order to assess if this particular adsorbent had the ability to
also adsorb a heavy metal, like Cr (VI), which it proved to have, albeit in a concentration that was ten
times inferior to the one used for MB adsorption. Furthermore, the pH of the Cr (V1) solution was ad-
justed to an acidic value (pH = 2) in order to guarantee that the phenomena that was being observed was
indeed adsorption and not metal precipitation, when in contact with the adsorbent. This was a limiting
step in this experiment, since pH is well below the pHpzc of the used adsorbent (6.8), which means that
at that particular pH the net surface charge of RDF char-KOH was positive (Sumalinog et al., 2018)
thus, not favoring interaction with other positively charged species such as Cr (VI). Nevertheless, the
adsorption mechanism involves more than electrostatic interactions, justifying some removal from the
influent.
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Breakthrough curve modelling

The Thomas model is a widely used theoretical method to describe column performance (Chen et
al., 2012; Chowdhury et al., 2016; Gong et al., 2015; Lopez-Cervantes et al., 2018; Song et al., 2011).
According to different authors this model assumes plug flow behavior in the bed. It also assumes no
axial dispersion, stating that adsorption is the rate driving force and it obeys second-order reversible
reaction kinetics. This model is applicable to both favourable or unfavourable isotherms (LOpez-
Cervantes et al., 2018; Song et al., 2011). The model was applied through equation 7.21, and the values
of ktu and qo were determined from the linear plot of In [(Co/Cy) - 1] against t. Results are shown in
Table 7.9.

Table 7.9: Parameters of Thomas model for MB column adsorption under different bed heights, and for CR (V1)
column adsorption.

kTH

Adsorbate Co (mg.L?) Z (cm) (mL.min.mg) do (Mg.g%) R?
2 0.529 81.38 0.9333
MB 100 4 0.281 182.13 0.7529
6 0.137 338.99 0.7586
Cr (VI) 10 4 3.353 19.66 0.9001

As the bed height increased, the values of kry decreased and the value of qo increased, which is due
to the fact that adsorption capacity depended mainly of the amount of the adsorbent available for ad-
sorption. As seen in the above table, the R? values were more significant for the MB adsorption with
Z=2 and for Cr (VI) adsorption with Z=4. Also, go values for these two experiments are closer to the
ones determined experimentally (Table 7.9). These differences mean that the Thomas model did not
give a good prediction of the breakthrough curve for all the tested conditions. As stated by Lépez-
Cervantes et al. (2018) the main limitation of this model is that it is based on second-order kinetics and
it considers that the adsorption is not limited by chemical interactions, and it is only controlled by the
mass transfer at the interface.

7.4. Conclusions

In this chapter, the application of RDF char as a low-cost adsorbent was studied. The removal effi-
ciency of the RDF char was evaluated as produced and after activation by Soxhlet extraction with ace-
tone and extraction with aqueous KOH using a fast adsorption test, that led to the conclusion that basic
(KOH) treatment resulted in higher MB removal efficiencies. Hence, further batch adsorption studies
were conducted with the RDF char as produced (sample RDF char) and with the alkali treated char (RDF
char-KOH).

Both adsorbents were characterized regarding their proximate and ultimate analysis which enabled
the conclusion that although the torrefaction process increased carbon content it also increased ash con-
tent, which deems these chars difficult to use in energy applications, justifying the study of their prop-
erties as low-cost adsorbents. For adsorption purposes the chars were characterized regarding FT-IR and
pHpzc, denoting the presence of important functional groups for electrostatic interactions that would ex-
hibit negative charges above pH 6.5 and 6.8 increasing the propensity of the adsorbent surface to attract
cationic molecules, such as MB, leading to their adsorption.

MB adsorption onto RDF char and RDF char-KOH was investigated in batch and column modes and
the kinetic, equilibrium and breakthrough curves were discussed. The kinetic process was better
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described by the pseudo-second-order kinetic model for both chars with R? values above 0.97. Adsorp-
tion isotherm was fairly described by the Langmuir isotherm at 303.15 K and 313.15 K for RDF char,
while RDF char-KOH was better described by the Temkin isotherm with R? values above 0.90 for all
temperatures. Nevertheless, none of the tested isotherms presented excellent correlations for both chars
(R?>0.99), denoting differences between the adsorption process in both adsorbents and suggesting the
occurrence of multiple forms of adsorption that are difficult to describe with a single model.

Thermodynamic studies showed that the adsorption of MB onto RDF char and RDF char-KOH was
spontaneous (AG<0) and endothermic (AH>0).

For the fixed-column adsorption tests, the removal efficiency of RDF char-KOH towards MB and
Cr (VI) was tested by establishing the corresponding breakthrough curves using different adsorbent
masses and bed heights. The study showed that breakthrough curves were significantly affected by bed
height, and the column data were fitted by the Thomas models, yielding good fits for MB adsorption
with a bed height of 2 cm and for Cr (V1) adsorption with a bed height of 4 cm.

Adsorption of complex systems such as industrial effluents, containing multiple molecules, from
dyes (cationic and anionic) to heavy metals, needs further study, because in multi-component solutions,
antagonistic effects, like competition between cationic species could occur. Furthermore, different acti-
vation methods could be tested in order to achieve a more defined adsorption mechanism. Still, using
RDF as a low-cost adsorbent or as an activated carbon precursor for methylene blue has proven to be
efficient and brings the clear advantage of using a raw material with associated low cost, as well as
offering a valorization solution for a material that if not used for energy production, would be considered
and treated as a waste.

137



138



Chapter

Conclusions and future work

8.1. Conclusions

The main objective of the present thesis was to study the thermochemical upgrading of RDF and the
potential valorization of RDF chars in energy production systems (gasification) or as low-cost adsor-
bents, in order to validate the upgrading processes. Torrefaction, carbonization and hydrothermal car-
bonization were the thermochemical conversion processes used in RDF upgrading. Effectively, the ap-
plied processes yielded chars with significant enhancements in their fuel properties when compared to
the starting materials.

Chars produced via conventional torrefaction and carbonization showed increased homogeneity,
grindability, apparent density, fixed carbon (8.3 - 25.8 wt.%, db), carbon content (43.4 — 84.9 wt.%, daf)
and high heating value (17.6 — 26.2 MJ.kg, db).

The RDF chars presented reduced oxygen contents (between 5.4-49.5 wt.%, daf), giving them a fuel
profile similar to some fossil fuels, like lignite (char produced at 300 °C) or bituminous coal (char pro-
duced at 400 °C). Nevertheless, these chars also presented increased ash and chlorine contents, which
are disadvantageous fuel characteristics regarding associated emissions and operational problems.

Ash contents of the RDF chars were determined in the range of 8.2 - 26.0 wt.%, db and the chlorine
contents reached values between 0.7-3.1 wt.%, db. The increase in chlorine content was not consistent
with several reports in the literature stating that the thermochemical processes reduce chlorine content.
But the great majority of the works are conducted in reactors that include an inert gas purging system
which, although beneficial in the removal of some volatile and problematic species, also makes the
process costly and less scalable. Not using an inert atmosphere allows for some of the condensable
species to deposit on the surface of the char yielding a two-fold effect: increased chlorine (on the surface,
or possibly in the pore structure of the char) and an increased mass yield. Leaching behavior of the raw
RDF and of the chars produced by the dry processes showed that chlorine and ash contents could be
reduced by water washing (49.9 - 71.6 % for chlorine removal and 1 - 3 % for ash removal), while also
increasing the high heating value of the chars (increases between 9.4 and 13.8 %). The leaching results
also showed that some of the more problematic mineral components existing in the studied samples,
such as heavy metals, are more retained by the chars than by the raw RDF. The main implication of this
observation is that RDF chars (if no other valorization in available) can be deposited in a landfill, without
severe leaching of these harmful components.

On the other hand, the hydrochars, when compared with the chars obtained in the dry processes,
presented higher volatile matter content (79.6 - 82.7 wt.%, db), and their fixed carbon contents were of
the same order regarding the operating temperature range (13.4-16.9 wt.%). Carbon contents reached
by the hydrochars were also comparable to those obtained with the dry processes, in the same tempera-
ture range. Calorific value values of the hydrochars were generally higher that the ones obtained for the
dry processes (the highest measured HHV was 28.1 MJ.kg™) and this increase can be related with the
reduction in inorganic material in the hydrochar.

The most positive feature determined in the hydrochars was the significant decrease in ash and chlo-
rine contents. Ash content was reduced up to 30.8 % when compared with raw RDF and the
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dechlorination efficiency of the HTC process reached a maximum value of 55 %. This effect is opposite
to what was detected in the chars obtained by torrefaction or carbonization where both these parameters
had increased concentrations.

Similar to the chars produced in the dry processes, the hydrochars showed similarities with fossil
fuels such as lignite, because they also presented reduced oxygen contents, although to a less extent than
in the chars, since oxygen contents in the hydrochars were found to be between 23.5 - 28.5 wt.%. More-
over, the hydrochars have distinct thermal degradation profiles from the raw RDF. The morphological
characteristics assessed by SEM showed the extent of the physical transformations brought by the HTC
process, since RDF presented a fibrous structure that was clearly decomposed after HTC since the hy-
drochars presented more random structures with indications of pore development.

Overall, given their reduced ash and chlorine contents, but improved fuel properties such as carbon
content and HHV, the hydrochars presented higher potential for energy applications than the chars pro-
duced via dry torrefaction or carbonization.

The assessment of process performances showed that there was a distinct behavior between torrefac-
tion and carbonization conditions, and between dry and wet processes. For the dry processes, at temper-
atures of 200 °C and 250 °C, process energy efficiency and energy yields were high (> 85 % for process
energy efficiency and > 96.3 % for energy yield), which was related with the high mass yields that were
obtained at those conditions (90.0 — 96.8 %), but the high heating value of the produced chars was low
(17.6-19.4 MJ.kg™), because their oxygen content was still significant.

On the other hand, at 300, 350 and 400 °C lower process energy efficiency values (70.8-79.2 %), and
lower energy yields (89.5 — 91.7 %), were obtained but those values corresponded to RDF chars that
had a higher calorific value (20.1-26.2 MJ.kg?), and therefore better fuel quality.

Process performance for HTC was heavily dependent on the amount of water used in the experi-
ments. Conditions yielding positive net energies were the ones where the solid-to-water ratio was lower
(8.5 MJ), and where mass yield was more significant (0.24 MJ). Mass yields are also very different
between the dry processes and HTC, since the use of water and the auto-generated pressure entailed a
more extensive decomposition of the feedstock, and therefore, reduced mass yields (47.6 — 53.7 %). As
a consequence, the process energy efficiency (32.3 — 52.6 %) of the HTC process was lower than that
of torrefaction or carbonization.

As expected from torrefaction and carbonization, the gas product (non-condensable phase) was
mostly composed of carbon dioxide and carbon monoxide, with smaller amounts of methane and hy-
drogen (more significant at the higher process temperature). In the HTC process, the amount of produced
gas was negligible.

Both processes involved the production of an associated aqueous effluent. In the case of the dry
processes these are the condensable gases (condensates) and in the case of HTC it corresponds to the
process water. Both effluents presented acidic pH values, high chemical oxygen demand values (the
highest measured values were 69.3 gO..L* for carbonization and 27.2 gO..L* for HTC) and were mostly
composed by water and organic oxygenated compounds such as acids, furans and phenols. Given their
high-water content and significant organic load, these effluents can be problematic regarding their val-
orization. Nevertheless, the dry processes produced lower amounts of condensates (635 mL and 992 mL
for the processes at 300 and 400 °C, respectively, with 5 kg of RDF) when comparing with the amount
of process water used in the HTC process (solid-to-water ratio 1:15 and 1:5). The amount of water
produced during HTC is the main constraint of large-scale implementation of this system, because water
treatment means added costs, and more emissions, decreasing the sustainability of the process.

As assessed in this work, the remediation of HTC process water can be quite challenging, but it was
possible to verify that both RDF hydrochar and conventional RDF char showed potential as low-cost
adsorbents for process water treatment (sample H-300-30/15 removed 38.5 % phenolic compounds and
61.5 % COD, whereas RDF char removed 50.5 % phenolic compounds and 7.8 % COD), although these
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are lower removal efficiencies than the obtained with commercial activated carbon (95.5 and 75.4 %
removal for phenolic compounds and COD, respectively).

After testing different thermochemical processes for RDF upgrading, RDF chars produced via con-
ventional torrefaction (300 °C for 30 min) were evaluated as fuels for gasification. Because of their
properties, the RDF chars were mixed with pine wastes, with the purpose of diluting some of the more
problematic features, such as the high ash content. The production of blends of RDF char with more
innocuous biomass wastes, can represent one of the ways to valorize these chars, without decreasing the
efficiency of this energy conversion system. Effectively, the incorporation of RDF char in biomass pel-
lets can be a viable pathway for its energetic valorization, although it should be done in moderate incor-
poration ratios. The use of RDF char instead of raw RDF presents advantages, since the more problem-
atic polymeric fraction is degraded after torrefaction or carbonization, which can positively influence
the pelletization process by avoiding problems regarding clogging or coiling of the plastics in critical
areas of some types of feeding systems. The obtained results showed that higher temperature and lower
equivalence ratios, yielded a better conversion performance for the pellets with RDF char incorporation.
Nevertheless, the addition of RDF char also caused the formation of heavier aromatic hydrocarbons in
the gasification tars.

Lastly, material valorization of the RDF chars was assessed by testing their adsorption capacity to-
wards methylene blue and chromium ions. The adsorption tests were conducted with RDF char as pro-
duced and after activation treatments. . Methylene blue adsorption onto treated and non-treated RDF
char clearly showed the potential of the char as a low-cost adsorbent. The treatment with aqueous KOH
gave the RDF char new characteristics, and as such the adsorption behaviors between the chars were
slightly different, but both indicated that the adsorption process involved chemical interactions. The
adsorption of methylene blue was more expressive than the chromium adsorption, probably because it
could be evaluated at pH values more adequate for cation adsorption in these chars.

Thermochemical conversion processes such as torrefaction, carbonization and hydrothermal carbon-
ization are gaining more notoriety as pre-treatments, particularly for very heterogeneous and complex
matrixes such as the one studied in this thesis. These processes are flexible enough to accommodate
different waste typologies, which is of great importance given the amounts of different wastes that are
produced. Char, or at least biochar, is becoming increasingly relevant in the market (mostly due to its
multiple applications), and as such, studies regarding large scale implementation and different feed-
stocks will certainly be needed in the future. These processes also have the advantage of enabling the
production of chars with specific features by adjusting process parameters.

Upgrading of RDF is particularly important because this waste derived fuel, which is intended for
energy purposes, does not always present adequate fuel characteristics. This results in accumulation of
large quantities of RDF, loss of its value and ultimately, deposition of a large fraction of the produced
RDF in landfills, a non-sustainable solution that should be avoided whenever possible. Using the studied
thermochemical conversion processes, RDF could be transformed into a char, and with its new charac-
teristics it could be more versatile in energy recovery systems and it could also be used for material
valorization. This approach could imply the actual valorization of the RDF that is produced in diverse
applications including energy recovery, production of low-cost adsorbents and others. This concept is
in line with the increase in sustainability of waste management practices, that need to be implemented
in order to recover as much value as possible from all the produced wastes.

Wastes need to be faced as potential raw materials for different technologies, they have tremendous
potential for energy provision and material production thus, their upgrading represents a way to open a
wider array of possibilities for their valorization.
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8.2. Future work

Considering the importance of RDF upgrading in the current context of waste management, further
studies are needed in order to fully create measures to build a sustainable upgrading system. Suggestions
on future work in this area are as follows:

o Water washing for chlorine removal of RDF chars can represent more costs associated with the pro-
cess, and an integration of this treatment in the overall upgrading system should be studied, in order
to achieve high dechlorination without excessive expenditure or large effluent production.

e The recirculation of the gas product within the reactor could assure the absence of oxygen in substi-
tution of an inert atmosphere. The application of the gas product in a combustion chamber in order
to use the produced heat to sustain the torrefaction or carbonization process.

o Condensates of the dry processes should be studied for their remediation (through adsorption, phy-
toremediation, or bioremediation), for their use as fertilizers or for their application in energy pro-
duction by anaerobic digestion. These condensates could also be tested as a moisture source for the
HTC process.

¢ In the HTC process, testing lower solid-to-water ratios could lead to better process performances,
such as higher mass yields or higher process energy efficiencies. Also, mixing the RDF with other
wastes, for instance lipidic wastes, could help to decrease the energy requirements of the process,
but also to maintain the good fuel properties of the hydrochars.

e Using RDF char in adsorption of complex systems such as industrial effluents, containing multiple
molecules, from dyes (cationic and anionic) to heavy metals; Assess different activation methods for
the RDF char.

¢ Validation of the use of RDF chars in combustion, by preparing pellets with incorporation of RDF
char and evaluating its performance in combustion conditions, including evaluation of the associated
emissions and of the ash composition is necessary to demonstrate the viability of this valorization
pathway.

e The incorporation of RDF and RDF chars in construction materials may be an exploitable application

since the combination of biomass, polymers and mineral components, including diverse waste mate-
rials is a recent trend of that field, meant to reduce costs and increase sustainability of that sector.
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Figure A.1: Linear regressions used for the calculations of the heat of torrefaction/carbonization (Qa) in

Chapter 3, based on values from (Ohliger et al., 2013).

Table A.1: Estimated valued for the thermal loses (Qs), expressed in %, from the process performance in

Chapter 3.
Residence Time (min)
Temperature (°C)

15 30 60
200 25 30 35
250 30 35 40
300 35 40 45
350 40 45 50
400 45 50 55
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Figure A.2: Correlations between the concentrations of alkali and alkali-earth metals and process tempera-
ture, in the RDF chars’ leachates from Chapter 3.
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Figure A.3: Correlations between the concentrations of alkali and alkali-earth metals and process residence
time, in the RDF chars’ leachates from Chapter 3.
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Table A.2: Pearson correlation coefficients determined through Figures A.2 and A.3.

Pearson correlation coefficient (p)

Element -
Temperature Time
Ca 0.734 0.849
Mg 0.191 0.806
K 0.898 0.461
Na 0.500 0.890
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Figure A.4: Organic acids, peaks labeled with retention times (RT): acetic acid (RT=3.15), propionic acid
(RT=5.63) and butyric acid (RT=8.83), used for identification in the chromatograms of Chapter 4.
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Figure A.5: Representative normalized chromatogram from the organic extract of the condensates from the
2" collection point of the carbonization test conducted at 400 °C and 30 minutes from Chapter 4. Peaks
labeled with retention times (RT).
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Table A.3: Identified peaks from Figure A.5.

Compound

Retention time (min)

Oxalic acid (TMS)

Acetic acid (TMS)
4,4-dimethyl-2-pentynal
Butanol (TMS)

Propionic acid (TMS)
3-Furancarboxaldehyde
2-chloroethanol (TMS)
Ethylbenzene

Xylene

Styrene

2-acetylfuran

3-carene

2,4,6-trimethyl -(2a, 4a,6a)-1,3-dioxane
Cumene
5-methyl-2-furaldehyde
2-propenyl-benzene
Benzonitrile
1-ethyl-2-methylbenzene
Phenol

2-ethylcyclopentanone

Phenol (TMS)
2,2-Dihydroxy-1-phenyletanone
3-hydroxy-2-methyl-4H-pyran-4-one
Octanol (TMS)

Naphtalene

Benzoic acid

1,1'-Biphenyl

Guaiacylacetone

Phenantrene

3.11
3.46
4.07
5.73
5.81
7.07
7.31
7.76
8.09
8.88
9.76
10.85
10.99
11.47
11.77
12.19
12.35
12.54
13.25
14.24
14.64
15.1
16
16.45
18.61
19.86
24.04
28.03
33.36

Note: Oxalic acid peak is omitted due to its larger area at the beginning of the chromatogram. Some retention times
are not shown in the chromatogram due to the small area of the peaks. TMS stands for trimethylsilyl derivative.
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A.3 - Chapter 5
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Figure A.6: Calibration curve used for the determination of total phenolic compounds, using the Folin-
Ciocalteu method, with 2,4,6-trimethylphenol as a standard (Chapter 5).
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Figure A.7: Calibration curve used for the determination of total reducing sugars, using the DNS method,
with glucose as a standard (Chapter 5).
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Figure A.8: Calibration curve used for the determination of total phosphorous, using the ascorbic acid
method, with phosphate as a standard (Chapter 5).
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Figure A.9: Correlations between element removal efficiency (ERE, %) and temperature for the hydrochars
produced in Chapter 5 (Ca, K, Fe, Zn).
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Figure A.10: Correlations between element removal efficiency (ERE, %) and temperature for the hydrochars
produced in Chapter 5 (Ti, Pb, Cu, Cr).
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Figure A.11: Correlations between element removal efficiency (ERE, %) and temperature for the hydrochars
produced in Chapter 5 (Ti, Pb, Cu, Cr).

Table A.4: Correlation coefficients determined from Figures A.9, A.10 and A.11.

Metal Pearson correlation coefficient (p)
Ca 0.992
K 0.992
Fe 0.804
Zn 0.925
Ti 0.453
Pb 0.984
Cu 0.625
Cr 0.450
Si 0.812
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Figure A.12: Representative normalized chromatogram from the organic extract of HTC process water
obtained from the process at 300 °C for 120 minutes, from Chapter 5, labeled with retentions times (RT).

Table A.5: Identified peaks from Figure A.12.

Compounds Retention time (min)
Acetic acid (TMS) 3.24
2-Propenoic acid (TMS) 5.14
Butanol (TMS) 5.44
Propanoic acid (TMS) 5.51
Isobutyric acid (TMS) 6.71
3-Furaldehyde 7.07
3-hydroxy-3-buten-2-one (TMS) 7.73
Pentanol (TMS) 8.48
2,4-dimethylfuran 9.27
2-Methyl-2-cyclopentenone 9.99
2,2,7,7-Tetramethyloctane 12.4
Phenol (TMS) 15.01
Octanol (TMS) 17.18
1-cyclohexen-1-yl methyl ketone 17.93
p-Methylphenol 18.37
o-Methylphenol 18.72
Sorbic acid (TMS) 20.54
2-(phenylmethyl)-phenol 20.95
2-Methoxyphenol (TMS) 21.49
Benzoic acid (TMS) 22.11
1-Benzyl-2,4-dimethylbenzene 23.34
2-hydroxy-benzophenone 23.95
2,4,6-Trimethoxytoluene 26.15
2,6-dimethoxy-phenol 26.78
1,4-Dihydroxybenzene (TMS) 27.38
Acetophenone (TMS) 27.78
1-Ethyl-2-methylphenanthrene 28.15
9-Acetylphenanthrene 29.89
2,3,4,6-Tetramethoxystyrene 30.55
m-Anisaldehyde (TMS) 32.14
1,1-di-3,4-xylyl-ethane 33.82

Note: Some retention times are not shown in the chromatogram due to the small area of the peaks. TMS stands for
trimethylsilyl derivative.
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Figure A.13: PAHs mix standard solution (Chem Service) used for identification in the tar samples from

Chapter 6.

Table A.6: Identified PAHSs from Figure A.13.

Compound Retention Time (min)
Naphtalene 15.86
Acenaphtylene 24.39
Acenaphtene 25.45
Fluorene 28.42
Phenantrene 33.69
Anthracene 34.02
Fluoranthene 38.67
Pyrene 42.10
Benzanthracene 45.22
Chrysene 48.11
Benzo(k)fluoroanthene 50.82
Benzo(b)fluorathene 53.37
Benzo(a)pyrene 55.75
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Figure A.15: Example of calibration curve for chromium (VI), obtained through the 1,4-diphenylcarbizide method,

used in Chapter 7.
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