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RESUMO

FIOREZE, M., D.Sc., Universidade Federal de Vigosa, dezembro de 2021. Pretreatment of
eucalyptus kraft pulp mill waste activated sludge to enhance anaerobic digestion.
Orientador: Claudio Mudadu Silva.

O setor de producdo de polpa celuldsica e papel (P&P) é um dos maiores consumidores
industriais de 4gua e, em consequéncia, um dos maiores geradores de efluentes em todo o
mundo. Nos processos de tratamento biolégico aplicados aos efluentes, um grande volume de
lodo biolégico é gerado, o que resulta em altos custos de gerenciamento. Uma opg¢do
interessante para o gerenciamento do lodo € a digestdo anaerdbia, capaz de reduzir o volume
do lodo concomitantemente a geracdo de energia renovdvel que pode ser aproveitada nos
processos industriais. No entanto, a digestdo anaerébia demanda melhorias tecnoldgicas e
operacionais, principalmente devido ao elevado tempo de detencdo hidraulica, da ordem de 30
a 40 dias, necessdrio para digerir o lodo de fabricas de P&P. A presente tese estd dividida em 3
capitulos. O Capitulo 1 apresenta uma revisdo da literatura sobre o potencial da digestao
anaerdbia para o tratamento de lodos de fabricas de P&P, além da aplicacdo de métodos de pré-
tratamento objetivando o aumento da produ¢do de metano, a diminuicao do tempo de detengdo
hidraulica e a diminui¢do do volume requerido aos digestores. E apresentado um estudo de
caso, visando avaliar o potencial de integracdo das tecnologias de pré-tratamento e digestdao
anaerdbia de lodo biolégico em uma tipica fébrica de celulose kraft brasileira. A revisdo da
literatura resultou no encontro de 52 trabalhos publicados, sendo 16 artigos relacionados a
digestao anaerdbia ou co-digestdo de lodo de P&P sem pré-tratamento e 20 artigos relacionados
a digestdo anaerdbia de lodo de P&P apds pré-tratamento. Foi verificada uma grande
discrepancia entre os resultados apresentados, o que dificultou nas avalia¢des e verificagio dos
reais impactos do pré-tratamento do lodo na viabilidade do sistema. Simulacdes foram
realizadas usando dados atuais de uma fabrica de celulose kraft brasileira e demonstraram a
grande influéncia do pré-tratamento na producdo potencial de metano. O Capitulo 2 objetivou
avaliar a aplicagdo de métodos de pré-tratamento térmicos, termo alcalinos € mecéanicos, com
o objetivo de promover a solubilizacdo da matéria organica para potencializar a digestdo
anaerébia. Os resultados demonstraram um ganho na solubilizagdo, com um aumento superior
a 1,2 vezes para DQO total, 7 vezes para DQO soludvel e 4 vezes para DBOs. As condi¢des de
pré-tratamento termo alcalinas apresentaram os melhores resultados para todos os parametros

avaliados, com a vantagem de requererem menores temperaturas e tempos de retencdo quando



comparado as condicdes térmicas. O Capitulo 3 teve como objetivo avaliar o potencial de
producdo de metano a partir do lodo bioldgico de uma fébrica de celulose kraft branqueada
aplicando testes BMP (potencial bioquimico de metano). Apés 30 dias, a produgdo acumulada
de metano aumentou de 90 mL CH4/gSV (lodo bruto) para 181-194 mLCH4/gSV (pré-
tratamento térmico) e 203-204 mLCH4/gSV (pré-tratamento termo alcalino). A condi¢ao de
pré-tratamento de 175 °C por 15 min em pH 11 foi suficiente para alcancar alta solubiliza¢do
do lodo biolégico e alta producdo de metano. Os resultados demonstram que o pré-tratamento
pode melhorar significativamente a digestdo anaerdbia do lodo bioldgico da fabrica de celulose
kraft, tornando a digestdo anaerébia uma opg¢do atraente para o gerenciamento de lodo neste

setor.

Palavras-chave: Digestdo anaerdbia. Metano. Pré-tratamento. Papel e celulose. Lodo
bioldgico.



ABSTRACT

FIOREZE, M., D.Sc., Universidade Federal de Vicosa, December 2021. Pretreatment of
eucalyptus kraft pulp mill waste activated sludge to enhance anaerobic digestion. Advisor:
Claudio Mudadu Silva.

Pulp and paper (P&P) mills are currently one of the largest industrial water consumers and
effluent generators worldwide. The biological effluent treatment processes currently in use
generate a large volume of sludge (waste activated sludge — WAS), which requires great efforts
and high costs to manage. An interesting option for sludge management is anaerobic digestion,
a means of reducing sludge volume while generating renewable energy that can be used in the
industrial processes. However, anaerobic technology needs to be improved, mainly due to the
30- to 40-day retention time required to digest pulp mill sludge in conventional anaerobic
bioreactors. The thesis was structured in 3 chapters written as scientific papers. Chapter 1
presented a literature review about the potential of anaerobic digestion for sludge treatment in
P&P mills and the application of pretreatment methods to enhance methane production,
decrease the retention time and, ultimately, decrease the volume of the digesters. A case study
examining the potential of integrating pretreatment and anaerobic sludge digestion in a
Brazilian kraft pulp mill is also presented. The literature review resulted in 52 matches in which
16 articles were related to anaerobic digestion or co-digestion of P&P sludge without
pretreatment and 20 articles had to do with anaerobic digestion of P&P sludge after
pretreatment. A large discrepancy among the presented results made it difficult to assess the
suitability of anaerobic digestion and the actual impacts of the sludge pretreatment on the
viability of the system. Simulations were carried out using current data from a Brazilian kraft
pulp mill and indicated the important role of sludge pretreatment in potential methane
production. Chapter 2 aimed the application of thermal, thermal-alkaline and mechanical
pretreatment methods in order to promote the solubilization of organic matter to enhance the
anaerobic digestion. Chemical analyses showed an improvement in organic matter
solubilization, with an increase greater than 1.2-fold for total COD, 7-fold for soluble COD and
4-fold for BODs. In general, thermal-alkaline pretreatment showed the best results for all the
evaluated parameters, with the advantage of requiring lower temperature and retention time
when compared to thermal conditions. Chapter 3 aimed to evaluate the potential of methane
production from the WAS of a bleached kraft pulp mill applying biochemical methane potential

(BMP). After 30 days of testing, cumulative methane production increased from 90 mL



CH4/gVS (raw sludge) to 181-194 mL CH4/gVS with thermally pretreated samples, and up to
203-204 mL CH%gVS with samples which were pretreated using the thermo-alkaline
technique. The pretreatment conditions of 175 °C for 15 min at pH 11 were sufficient to achieve
both a high solubilization of WAS and a high methane production. The results showed that
pretreatment could significantly enhance the anaerobic digestion of kraft pulp mill WAS,

making this an attractive new option for sludge management in this sector.

Keywords: Anaerobic digestion. Methane yield. Pretreatment. Pulp and paper mill. Secondary
sludge.
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INTRODUCAO GERAL

O Brasil é um dos destaques mundiais no ramo de produgdo de polpa celuldsica e papel
(P&P). Com uma produgido anual de cerca de 21 milhdes de toneladas de polpa e 10 milhdes
de toneladas de papel (Ib4, 2018), se caracteriza como um dos principais paises do ramo. Essa
atividade possui estreita vinculacdo com o meio ambiente, sobretudo devido aos elevados
indices relacionados ao consumo de dgua, geracdo de efluentes liquidos e residuos sélidos e
emissdes atmosféricas.

Um dos reflexos do elevado volume de efluentes é a geracdo de lodos como resultado
dos processos de tratamento. Tradicionalmente, estes sdo desaguados e, majoritariamente,
dispostos em aterros ou, em alguns casos, incinerados ou compostados (Kamali et al., 2016).
Apesar de serem ambientalmente aceitas, essas alternativas representam elevados custos, além
de coibirem o potencial dos lodos para a geracdo de biogds. O desenvolvimento e
aprimoramento de modelos mais sustentdveis para o gerenciamento de tais residuos, que sejam
eficientes para o tratamento a0 mesmo tempo em que resultem em menores gastos ou mesmo
em algum tipo de beneficio para a industria, se torna imprescindivel.

H4 um crescente interesse no estudo da digestao anaerdbia. Porém, pesquisas indicam a
necessidade de altos tempos de detencao hidrdulica (TDH) para uma geracao satisfatéria de
biogds, requerendo, portanto, reatores com elevados volumes, 0 que torna o processo
economicamente pouco atraente (Meyer & Edwards, 2014; Kamali et al., 2016). A digestao
anaerdbia precedida por algum método de pré-tratamento que contribua para a solubilizagdo
prévia da matéria organica tem sido proposta. Diversos trabalhos apresentam resultados
promissores ao estudarem métodos de pré-tratamento quimicos, fisicos e/ou bioldgicos, com
ganhos relacionados ao aumento da producao final de metano e aceleragdo do processo, ou seja,
lodos pré-tratados ndo s6 produzem mais metano como o fazem mais rapidamente (Meyer &
Edwards, 2014; Kamali et al., 2016). Potencialmente, o biogds gerado pode ser utilizado para
a geracao de calor e/ou energia e sustento de outras operacdes dentro da propria unidade fabril.

Uma fabrica tipica de polpa celuldsica kraft gera parte, quando ndo, toda a energia
necessdria para o sustento das atividades fabris, por meio da queima de subprodutos da madeira
na caldeira de biomassa e do licor preto concentrado na caldeira de recuperacdo quimica. Em
muitos casos, as fdbricas geram um excedente de energia que acaba sendo vendido,
representando uma significativa fonte de lucros. A produgdo de energia a partir da digestdao
anaerdbia de lodos € uma op¢ao, sobretudo para suprimento da demanda energética da estacao

de tratamento de efluentes (ETE), conforme experiéncias em estacdes de tratamento de



14

efluentes municipais (Gomes et al., 2017). Além disso, a melhoria na gestdo de residuos e o
aumento da oferta de energia sustentdvel visando diminuir a dependéncia dos combustiveis
fosseis em territério nacional sdo objetivos previstos na Lei Federal n. 13.576/2017 —
RenovaBio (Brasil, 2017).

O presente estudo visou compreender os efeitos de diferentes métodos de pré-tratamento
na solubilizacdo de lodos bioldgicos de fébrica de polpa celuldsica kraft branqueada e na
posterior gera¢do de metano em ensaios laboratoriais que simulam a digestao anaerébia.

No Capitulo 1 € apresentada uma revisao da literatura, tratando dos aspectos de geracio
e caracteristicas de lodos em féabricas de polpa celulésica e papel, potencial para digestdao
anaerdbia e métodos de pré-tratamento ja estudados. Sao apresentados e comparados trabalhos
publicados ao redor do mundo, os quais aplicam ou ndo alguma técnica para solubilizagdo
prévia do lodo anteriormente a digestao anaerdbia. Por fim, sdo apresentadas simulacdes com
dados de uma industria brasileira de polpa celuldsica kraft branqueada, comparando os efeitos
da presenca/auséncia de pré-tratamento no volume requerido ao digestor anaerdébio e na
producdo de metano.

No Capitulo 2 sdo apresentados e discutidos os ensaios de pré-tratamento realizados
para a solubilizacdo de lodos bioldgicos, com foco na solubilizagdo da matéria organica e
incremento do potencial tedrico de geracdao de metano. Foram testados os pré-tratamentos
térmico, térmico-alcalino e mecanico, em 16 diferentes condi¢cdes operacionais, com vista a
determinar as melhores condi¢des para os posteriores ensaios laboratoriais de producdo de
metano (BMP). Os testes foram realizados junto ao Laboratério de Celulose e Papel (LCP) da
Universidade Federal de Vicosa (UFV).

No Capitulo 3 sdo abordados os aspectos metodolégicos, resultados e discussdes acerca
dos ensaios laboratoriais para mensuracdo do potencial bioquimico de metano (BMP),
utilizando as amostras pré-tratadas que apresentaram os melhores resultados de solubilizacio e
de lodo ndo pré-tratado (bruto) para fins de comparagdo dos resultados. Os ensaios BMP foram
realizados junto ao Laboratério de Quimica Tecnoldgica e Ambiental (LQTA) da Universidade

Federal de Ouro Preto (UFV).
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HIPOTESES DA PESQUISA

A presente pesquisa foi conduzida sob as seguintes hipéteses:

1. os métodos de pré-tratamento térmico, térmico-alcalino e mecdnico, aplicados a
lodos bioldégicos oriundos do tratamento de efluentes de fabrica de polpa celuldsica kraft
branqueada, promovem a solubilizacdo do lodo, com incremento do teor de matéria organica

soldvel passivel de contribuir com a geracido de metano;

ii. lodos previamente solubilizados pela acdo do pré-tratamento produzem
significativamente mais metano quando comparados a lodos ndo pré-tratados (lodo bruto),

considerando testes conduzidos em batelada, em escala de bancada;

iii. a digestao anaerdbia do lodo biolégico pode ser economicamente vidvel quando
aplicados os devidos métodos de pré-tratamento e em condi¢des operacionais adequadas, sendo

uma opc¢ao a ser considerada pela industria para o gerenciamento de tais residuos.
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OBJETIVOS

Objetivo geral

O presente trabalho visou testar a aplicagdo de diferentes métodos de pré-tratamento e
sob diferentes condi¢des operacionais no intuito de potencializar a digestao anaerdbia de lodos
originados no tratamento bioldgico de efluentes da industria de fabricacdo de polpa celuldsica

kraft branqueada.

Objetivos especificos

1. estudar e comparar os avangos até entdo apresentados pela literatura cientifica
publicada, em relacdo a: lodo utilizado (primério, secundério ou misto), métodos de pré-
tratamento com maior potencial para incremento da produgdo de metano e aspectos econdmicos

e energéticos;

ii. verificar os impactos dos métodos de pré-tratamento térmico, térmico-alcalino

e mecdnico, em distintas condi¢des operacionais, na solubilizacido do lodo bioldgico;

1ii. mensurar a producdo de metano de lodos pré-tratados e comparé-la com aquela

alcancada por lodo ndo pré-tratado (produgdo final acumulada e produgdo parcial);

iv. gerar recomendagdes para a industria a fim de auxiliar no avanco da tecnologia

para implantac@o em escala real.



CHAPTER 1

ANAEROBIC DIGESTION AND PRETREATMENT METHODS APPLIED TO
PRIMARY AND SECONDARY SLUDGE FROM PULP AND PAPER MILLS: A
REVIEW OF THE DEVELOPMENT OF GLOBAL RESEARCH AND A CASE
STUDY OF A TYPICAL BRAZILIAN KRAFT PULP MILL
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ANAEROBIC DIGESTION AND PRETREATMENT METHODS APPLIED TO
PRIMARY AND SECONDARY SLUDGE FROM PULP AND PAPER MILLS: A
REVIEW OF THE DEVELOPMENT OF GLOBAL RESEARCH AND A CASE
STUDY OF A TYPICAL BRAZILIAN KRAFT PULP MILL

Abstract

Pulp and paper (P&P) mills are currently one of the largest industrial water consumers and
effluent generators worldwide. As a consequence of the biological effluent treatment processes
currently in use, a large volume of sludge is generated, which requires great efforts and high
costs to manage. An interesting option for sludge management is anaerobic digestion, a means
of reducing sludge volume while generating renewable energy that can be used in the industrial
processes. However, anaerobic technology needs to be improved, mainly due to the 30- to 40-
d retention time required to digest pulp mill sludge in conventional anaerobic bioreactors. This
paper presents a review of the potential of anaerobic digestion for sludge treatment in P&P mills
and the application of pretreatment methods to enhance methane production, decrease the
retention time and, ultimately, decrease the volume of the digesters. A case study examining
the potential of integrating pretreatment and anaerobic sludge digestion in a Brazilian kraft pulp
mill is also presented. The literature review resulted in 53 matches in which 16 articles were
related to anaerobic digestion or co-digestion of P&P sludge without pretreatment and 20
articles had to do with anaerobic digestion of P&P sludge after pretreatment. A large
discrepancy among the results presented made it difficult to assess the suitability of anaerobic
digestion and the actual impacts of the sludge pretreatment on the viability of the system.
Aspects such as the type of pulping process, sludge moisture and organic (original COD)
content, as well as the pretreatment and the anaerobic testing conditions, seem to influence the
methane yield. Simulations were carried out using current data from a Brazilian kraft pulp mill
and indicated the important role of sludge pretreatment in potential methane production.
Pretreated sludge has a theoretical potential to produce 4.7 times more methane than raw sludge,
due the increase in the initial BOD as a result of the solubilization provided by the pretreatment.

Keywords: anaerobic bioconversion; biogas; energy production; solid wastes.



19

1 INTRODUCTION

For centuries, pulp and paper (P&P) have been essential for human activities, including
common uses such as packaging, hygiene, printing and writing, and also in the fabrication of
innovative products based on carbon fibers.

A successful economic sector, the market value of P&P products globally was US$ 63.3
billion in 2019, with an estimated increase to approximately US$ 79.6 billion by 2024 (Tiseo,
2021). However, along with the economic success, the environmental aspects of P&P industries
must be considered.

The P&P sector is one of the largest water consumers and effluent generators
worldwide. Fresh water consumption has declined from about 200 m3 per ton of dried pulp
(ADT) in the 1960s to the current 25 m3*ADT in modern bleached kraft pulp mills, although an
average volume of effluent generated has been estimated at 60 m3/ADT (Reeve & Silva, 2000;
Karlsson, 2010).

A successful process widely applied for effluent treatment in P&P mills is primary
clarification followed by an activated sludge process, which can effectively reduce suspended
solids, organic content and the toxicity from the effluents. Activated sludge is the most widely
used biological treatment process for P&P mill effluents, but it is one of the main energy
consumers in an effluent treatment plant (ETP) (Hynninen, 2008). The treatment process
generates a high organic load of primary (PS) and secondary (SS) sludge, which are usually
incinerated or disposed of in landfills (Bayr et al., 2013; Kamali et al., 2016).

Environmental pollution problems related to landfilling with sludge include subsoil
leachate and greenhouse gas emission (O’Brien et al., 2002). Additionally, landfills are
becoming increasingly unattractive and more expensive due to stricter regulations, reduced
availability of land and greater public awareness. In Brazilian P&P mills, landfilling is still the
most common practice, and has some negative aspects, including the high costs (US$ 30-40 per
ton of sludge) and increasingly restrictive legislation (Simao et al., 2018).

Currently, there is a growing demand for sustainable methods of sludge management
and energy recovery. Studies of P&P mill sludge are mainly focused on the pyrolysis process
for converting sludge into bio-oil and biochar products (Reckamp et al., 2014), co-liquefaction
in hot-compressed water for bio-crude production (Zhang et al., 2011), pelletization (Nosek et
al., 2017), co-combustion with coal for energy generation in boilers (Coimbra et al., 2015),
hydrothermal carbonization for hydrochar production (Mikeld ef al., 2016) and anaerobic

digestion for methane production (Kamali et al., 2016).
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Based on the successful application in municipal treatment plants (e.g., Hanum et al.,
2019; Lackey et al., 2015; Bolzonella et al., 2005), anaerobic digestion (AD) has become an
interesting alternative for the management of sludge in P&P mills. Some benefits include sludge
stabilization, sludge disinfection and energy recovery in the form of biogas (Park et al., 2012).
In addition, the digestate produced has a high potential for land application, promoting nutrient
recycling during agricultural use, and the resulting reduction of losses of organic matter (Gomez
et al., 2005).

The composition of P&P mill sludge varies according to the employed pulping process,
the raw material and the applied effluent treatment technique. However, it is characterized by
the presence of complex polymers, such as lignocellulosic compounds (Manesh, 2012; Lopes
et al., 2018), which makes the anaerobic process a challenge due to the difficulty of achieving
natural hydrolysis (Elliot & Mahmood, 2007). Pretreatment technologies have been studied in
order to maximize the soluble fraction of the organic matter in sludge prior to applying
anaerobic digestion, with promising results related to the increase of biogas production, removal
of organic matter and reduction of the retention time required for anaerobic digestion (Meyer
& Edwards, 2014).

This paper presents a review of existing literature concerning the potential of anaerobic
digestion for sludge treatment in P&P mills and the application of pretreatment methods to
enhance methane production. The effects of different pretreatment methods are analyzed in
terms of solubilization of organic matter, biogas production, energy and economic aspects. The
potential of the integration of pretreatment with anaerobic sludge digestion in a Brazilian P&P

mill is also presented in a case study of a typical Brazilian eucalyptus kraft pulp mill.

2 MATERIAL AND METHODS

2.1 Literature search and analysis

The review method was carried out based on the eight-step proposal of Okoli &
Schabram (2010). To determine the purpose of the review, two guiding questions was asked,
as follows: Is pulp and paper sludge suitable for anaerobic digestion? How can the methane
yield be enhanced by applying pretreatment techniques in pulp and paper mills? Multiple
keywords were determined for the search: anaerobic digestion, pulp, paper, sludge, biosludge,

biochemical methane potential (BMP) assay, methane, pretreatment and hydrolyze.
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The inclusion/exclusion criteria were established according to the following
requirements: 1) present research results; ii) explicit answers to the guiding questions in the title
or abstract; and iii) treatment of the subject from a technical point of view.

The literature search process was carried out with the application of the search keywords
in four peer-reviewed databases: ScienceDirect, SCOPUS, SciELO and Springer. All the results
published until December 2020 were collected. Notes, theses, books or papers of an exclusively
theoretical nature were excluded, as well as editorials.

The selected papers were divided into two groups, according to the presence or absence
of pretreatment tests for enhancing anaerobic digestion. The operational conditions applied and

the resulting methane yield are discussed.

2.2 A case study of anaerobic digestion in a typical Brazilian kraft pulp mill

In order to evaluate the potential of anaerobic digestion, a simulation was performed
using current data from an eucalyptus bleached kraft pulp mill located in Southeastern Brazil.
The simulation included two conditions: the first using raw sludge without pretreatment, and
the second with sludge previously solubilized by thermal pretreatment.

The selected mill produces approximately 1 million ADT/year. The mill effluent
treatment plant consists of primary clarifiers followed by a conventional activated sludge
secondary treatment. Secondary sludge samples were collected from the return line of the
secondary clarifier and stored according to the sampling and sample preservation methods of
the US Environmental Protection Agency (USEPA, 2013).

To obtain the pretreated sludge, thermal hydrolysis was performed at 175 °C for 30
minutes. The tests were carried out in a 20-L pressurized Parr 4848 M Reactor (Parr Instrument
Company, Moline, USA), with an internal mixer (200+10 rpm) and thermometer. For each
pretreatment test, 4 L of secondary sludge were used. After loading the sludge sample, the
headspace of the reactor was flushed with nitrogen gas to exclude oxygen and prevent any
oxidation of the organic compounds. The heating rate was regulated at 9.5 °C per minute until
reaching the maximum of 175 °C.

The sludge was characterized before and after the pretreatment tests for total chemical
oxygen demand (tCOD) and soluble chemical oxygen demand (sCOD), according to standard
method 5220-D (APHA, AWWA, WPC, 2012), and for biochemical oxygen demand (BOD5)
and ultimate biochemical oxygen demand (BODu), according to standard method 5210 (APHA,
AWWA, WPC, 2012).



22

A single-stage high-rate anaerobic digester operating under mesophilic conditions at 35
°C was simulated according to Metcalf & Eddy (2013). The process design method applied was
based on solids retention time (SRT), where the volume of methane produced was estimated
from the sludge flow rate, the BODu influent and effluent, the conversion factor of methane
from the BODu and the net mass of cell tissue produced per day. Following this and considering
a complete-mix high-rate digester without recycling, the net mass of cells produced was
calculated from the BODu influent and effluent, yield coefficient, endogenous coefficient and
SRT.

The data used considered the theoretical conversion factor of methane produced from
the conversion of 1 kg of BODu at 35 °C to be 0.40, the yield coefficient to be 0.08 mg SSV/mg
BODu, the endogenous coefficient to be 0.03 d!' and the efficiency of waste utilization to be
70% (Metcalf & Eddy, 2013).

Aiming for a more complete understanding of the effects of pretreatment on sludge
digestion, different scenarios related to the sludge flow rate and SRT were considered. For the
sludge flow rate, simulations of 50%, 75% and 100% of the total surplus activated sludge
treated via anaerobic digestion were performed, corresponding to 1680 m3/d, 2520 m3/d and
3360 m3/d, respectively; these values were calculated based on data from the mill collected over
a 2-year period. For SRT, seven different values were simulated, ranging from 8 to 20 d, since,
in practice for high-rate digestion, those SRT values are the most applied (Metcalf & Eddy,
2013).

3. RESULTS AND DISCUSSION

3.1 Global research on anaerobic digestion of sludge from pulp and paper mills

The search resulted in 104 matches, classified as follows: 58 research articles, 11 review
articles, 5 encyclopedia articles, 8 book chapters, 16 conference abstracts, 1 short
communication and 5 classified as “other”.

Some of the matches were excluded because they did not focus on pulp and paper
sludge, but on municipal sewage sludge, food waste or other topics. Excluding these results, 53
matches remained, classified as follow:

1. 10 review articles (Rintala & Puhakka, 1994; Mahmood & Elliott, 2006; Elliott &

Mahmood, 2007; Meyer & Edwards, 2014; Pontual et al., 2015; Gottumukkala et al.,
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2016; Kamali et al., 2016; Veluchamy & Kalamdhad, 2017a; Chakraborty et al., 2019;
Grosser & Celary, 2019);

ii. 5 dissertations or theses (Karlsson, 2010; Hagelqvist, 2013b; Bayr, 2014; Huang, 2015;
Lopes, 2017);

iii. 16 research articles about anaerobic digestion or co-digestion of P&P sludge without
pretreatment (Boman & Bergstrom, 1985; Puhakka et al., 1988; Puhakka et al., 1992;
Jokela et al., 1997; Lin et al., 2011; Bayr & Rintala, 2012; Parameswaran & Rittmann,
2012; Lin et al., 2013; Hagelqvist, 2013a; Huilifir et al., 2014; Ekstrand et al., 2016;
Hagelqvist & Granstrom, 2016; Veluchamy & Kalamdhad, 2017b; Chatterjee et al.,
2018; Kokko et al., 2018; Lopes et al., 2018);

iv. 20 research articles about anaerobic digestion of P&P sludge with pretreatment (Lin et
al., 2009; Wood et al., 2009; Wood et al., 2010; Lin et al., 2010; Karlsson et al., 2011;
Saha et al.,2011; Mehdizadeh et al., 2012; Park et al., 2012; Elliott & Mahmood, 2012;
Bayr et al., 2013; Tyagi et al., 2014; Kinnunen et al., 2015; Zhang et al., 2016; Lin et
al., 2017; Veluchamy et al., 2017; Kolbl et al., 2017; Bonilla et al., 2018; Sethupathy
& Sivashanmugam, 2018; Veluchamy et al., 2018; Sethupathy et al., 2020); and

v. 2 classified as “other” (Stoica et al., 2009; Priadi et al., 2013).
The effects of the anaerobic digestion tests with raw and pretreated P&P mill sludge

which are mentioned in these sources are discussed in the following sections of this article.

3.2 Anaerobic digestion and co-digestion of P&P mill sludge without pretreatment

Research on anaerobic digestion and co-digestion of P&P mill solid residues started to
be published in the 1980s and has demonstrated the potential of this technology. Promising
results were shown, such as a reduction of 74% in the volatile solids (VS) content for mixed
sludge from a kraft mill (Boman & Bergstrom, 1985) and a reduction of 36-41% of VS for
mixed sludge from a thermo-mechanical pulp mill (Puhakka et al., 1988).

Although the research was initially promising, the results for the anaerobic digestion of
P&P sludge without pretreatment showed a substantial variance in the methane yield (Table 1).
For primary sludge (PS), the methane yield varied from 3.5 mL/gVS after batch assays for 30
d (Lopes et al., 2018) to 190-240 mL/gVS (Bayr & Rintala, 2012), both tested under
thermophilic conditions. Lopes et al. (2018) explained that the low methane production was
due to the lignocellulosic composition that confers low biodegradability to the pulp sludge and

the accumulation of acetic acid during AD. Bayr & Rintala (2012) achieved more interesting



24

results with the operation of a continuously stirred tank reactor (CSTRs) for 122 d of testing

different hydraulic retention time (HRT) and organic loading rates (OLR).

Table 1. Results for anaerobic digestion and co-digestion of pulp and paper mill sludge
Methane yield (mLCH4/gVS)

Primary Secondary Mixed Co- se dﬁﬁi{s ted Reference

sludge sludge sludge digestion fiber
- - 50-90 - - Puhakka et al., 1988
- 220 - - - Puhakka et al., 1992
- - - 180 - Jokela et al., 1997
- - - 200 - Linetal., 2011

190-240 - 150-170 - - Bayr & Rintala, 2012
- - - 0.25@ - Parameswaran & Rittmann, 2012
- 53 - 80 - Hagelqvist, 2013a
- - - 432 - Lin et al., 2013
- - - 183 - Huilinir et al., 2014
- - 230 - - Ekstrand et al., 2016
- - - 50 - Hagelqvista & Granstrom, 2016

3.5 46.9 3.3 - Lopes et al., 2018

- - - - 250 Kokko et al., 2018
- - - - 201 Chatterjee et al., 2018
(D results for total biogas (not only methane); ® L CH/Lyeactor.d

The results regarding secondary sludge (SS) also varied greatly: 46.9 mLCH4/gVS in
batch assays for 30 d (Lopes et al., 2018), 53 mLCH4/gVS in batch assays for 19 d (Hagelqvist,
2013a) and 220 mL/gVS in a CSTR operated during 21 months with varying OLR and HRT
(Puhakka er al., 1992). However, the results achieved by these last authors represent the total
biogas production and not that of methane alone, so no direct comparison can be made.

Mixed PS and SS has the lowest values of methane production reported, with 3.3
mLCH4/gVS in thermophilic batch assays for 30 d (Lopes et al., 2018). In contrast, Ekstrand et
al. (2016) found a methane yield of 230 mLCH4/gVS with a high-rate CSTR under mesophilic
conditions run for 800 d with the addition of Mg, K and S.

Lakes were used to discharge P&P mill wastewater before the implementation of
wastewater treatment processes. For example, the bay area near an old pulp mill at Hiedanranta,
in Tampere, Finland, received effluents from a sulfite pulp mill from the 1910s to the 1980s,
and has been estimated to contain about 1.5 million m3 of sedimented fibers that form a layer
up to 10 m thick (Kokko et al., 2018). The potential for anaerobic digestion of the sedimented
fiber from this lake was studied by Kokko et al. (2018) in batch assays, and by Chatterjee et al.
(2018) in CSTR, with similar results for methane yield of 250 mLCH4/gVS and 201
mLCH4/gVS, respectively.

Co-digestion seems to be the best option for improving methane yield when

pretreatment methods are not applied. The tested conditions included the mixture of P&P
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sludges (primary and secondary) with municipal sewage sludge (Jokela et al., 1997; Hagelqvist,
2013a), monosodium glutamate waste liquor (Lin et al., 2011), pig waste (Parameswaran &
Rittmann, 2012), food waste (Lin et al., 2013), natural zeolite as catalyst (Huilinir et al., 2014)
and pig and dairy manure (Hagelqvista & Granstrom, 2016). The best results were achieved by
Lin et al. (2013), with a methane yield of 432 mLCH4/gVS using a mixture of pulp and paper
sludge and food waste with a 1:1 VS ratio as the feedstock in a two-stage anaerobic process
(72-82 d of hydrogen fermentation followed by 28 d of methane fermentation). Despite the
excellent results on the laboratory scale, the strategy used by Lin ef al. (2013) demands a more
robust anaerobic digestion plant with two anaerobic reactors and a high operational control for
an acidification phase in the first reactor and a methanogenic phase in the second reactor.
Despite some promising results, the high cost of implementation, operation and
maintenance have been cited as the main reason for the lack of full-scale anaerobic digesters in
P&P mills (Meyer & Edwards, 2014). The main challenge is the difficulty of hydrolyzing
lignocellulosic compounds, which results in the need for a high HRT (30 d) to achieve adequate
digestion. Also, there is a lack of economic studies, since none of the research papers cited
considered this aspect. In this scenario, it is clear that the AD process of raw PS and SS sludge

requires improvements to compete with other technologies in P&P industries.

3.3 Anaerobic digestion of P&P mill sludge with pretreatment

Currently, pretreatment methods are being studied to make the AD of P&P mill sludge
feasible. Several methods have already been proposed, based on biological, chemical, thermal,
electrical and mechanical processes, with promising results for increasing biogas production,
the removal of organic matter and the reduction of the required HRT (Elliott & Mahmood,
2007; Meyer & Edwards, 2014; Kamali et al., 2016).

The main objective of pretreating sludge is to promote improvements in the hydrolysis
of polymeric organic matter, which is considered the limiting step for the AD process. The
benefits associated with the solubilization of sludge prior to anaerobic process are twofold: first,
the increase in the amount of soluble substrate significantly increases the generation of organic
acids for subsequent biogas production; and second, pretreatment decreases the viscosity of the
sludge, which permits a higher concentration of solids (Elliott & Mahmood, 2007). Another
important benefit of sludge pretreatment is the increase in the production rate of methane,

reaching more than 70% of total biogas generation within the initial 10 d (Tyagi ez al., 2014).
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Table 2 summarizes the main results related with the application of pretreatment to P&P mill

sludge.

Table 2. Main studies concerning pretreatment techniques for P&P sludge solubilization prior

to anaerobic digestion, and their results
Methane yield
ImLCH4/gVS; mLCH4/gCOD; 3mL

Mechanical / Reference
Ultrasound Microwave Thermal Alkaline Biological .
electrical
55-200?% - 180-3007 - - - Wood et al., 2009; 2010
- gggl - Lin et al., 2009
- 170-230! - Lin et al., 2010
158-209! - 240! - Karlsson et al., 2011
95-120? 89-130?2 - 1002 Saha et al., 2011
20-902 - 40-100? Elliot & Mahmood, 2012
80-1312 94-1362 - - - Mehdizadeh et al., 2012
114! - 112-1341 86! 114! - Bayr et al., 2013
51753 48953 - - - - Tyagi et al., 2014
- 60-124! - Kinnunen et al., 2015
100-182! - - Zhang et al., 2016
- 429! - Lin et al., 2017
147-195! - Kolbl et al., 2017
Sethupathy &
- 1 _
S0-175 Sivashanmugam, 2018
140-220? - Bonilla et al., 2018
- 301! Veluchamy et al., 2017; 2018
295! Sethupathy et al., 2020

High-intensity ultrasound devices are commonly used to generate high frequency
waves. For P&P mill sludge, the most frequent is the use of 20 kHz, with retention time varying
from 15 to 90 min (Wood et al., 2009; Saha ef al., 2011; Elliott & Mahmood, 2012; Mehdizadeh
et al., 2012). Operational parameters include initial COD ranging from 12 g/L (Wood et al.,
2009) to 40 g/L (Saha et al., 2011; Elliot & Mahmood, 2012) and COD solubilization ranging
from 0% to more than 400% (Wood et al., 2009). There is also a great variation in the resulting
methane yield, varying from cases where no increase is observed when compared to raw sludge
(Wood et al., 2009; Karlsson et al., 2011) to other cases where there is an increase of more than
140% (Saha et al., 2011; Mehdizadeh et al., 2012; Tyagi et al., 2014).

For the microwave method, the most common frequency is 2450 MHz, with temperature
varying from 50 °C to 175 °C (Saha et al., 2011; Mehdizadeh et al., 2012). Initial COD, between
21 g/L (Tyagi et al., 2014) and 40 g/L (Saha et al., 2011), showed an increase in solubilization
of more than 130% (Tyagi et al., 2014). Unlike ultrasound pretreatment, microwave resulted in
an increase in methane yield when compared to raw sludge in all the studies consulted (Saha et
al.,2011; Mehdizadeh et al., 2012; Tyagi et al., 2014).

Thermal hydrolysis of P&P mill sludge has already been tested for temperatures
between 70 °C (Bayr et al., 2013) and 200 °C (Zhang et al., 2016), with retention times between
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10 min (Bayr et al., 2013) and 120 min (Kinnunen et al., 2015). Longer retention time
conditions are generally related to lower temperatures. Initial soluble COD of 1.4 g/L. for SS
from a sulfite mill and 0.3 g/L for SS from a kraft mill, increased 607% and 2167%,
respectively, after thermal pretreatment (Wood et al., 2009). Methane yields increased more
than 300% for SS from a kraft mill under mesophilic digestion conditions (Wood et al., 2009)
and 100% for SS from a kraft mill using thermophilic digestion (Bayr et al., 2013).

Thermal hydrolysis also resulted in an important improvement in the rate of methane
production. Wood et al. (2009) generated approximately 220 mLCH4/gCOD after 15 d, 250
mLCH4/gCOD after 20 d and 300 mLCH4/gCOD after 30 d for SS from a sulfite mill using
thermal pretreatment, showing that more than 70% of the total methane was generated during
the first 15 d. The methane yield of the raw sludge was approximately 100 mLCH4/gCOD after
15 d, 125 mLCH4/gCOD after 20 d and 200 mLCH4/gCOD after 30 d, significantly lower than
the pretreated sludge.

Considering the chemical methods for sludge pretreatment, the most common is the
addition of alkali (NaOH) until pH 12 is reached. However, for successful sludge solubilization,
a long retention time is required, more than 6 h (Lin ez al., 2009). Bayr et al. (2013) did not find
an increase in the methane yield after alkaline pretreatment at pH 12 for 24 h. In contrast, Lin
et al. (2009) found an increase of 150-184% after alkaline pretreatment, but the authors used a
mixture of PS and SS with monosodium glutamate waste liquor in order to get an optimal C/N
ratio, which could be the reason for the improvement in the methane yield.

Acid pretreatment (HNOs3 at pH 3) was also tested, but no improvement was observed
for COD solubilization and methane production. According to the authors (Bayr et al., 2013),
this could be due to ammonia inhibition as HNOj3 acid was used for acid pretreatment, resulting
on the inhibition of hydrolysis as demonstrated by the long lag phase (25 d) and the low methane
production rates.

With the combination of thermal and alkaline sludge pretreatment strategies (140 °C,
pH 12 for 60 min), Wood et al. (2009) found an increase in the methane yield of 115% and
340% for SS from a sulfite mill and a kraft mill, respectively. These results are lower than those
achieved by the same authors with only thermal pretreatment, where an increase of 150-360%
in methane yield was reached.

Biological pretreatment involves the use of hydrolytic enzymes, such as the mixture of
cellulases, proteases and lipases (Karlsson et al., 2011), accelerases, proteases, glycosidades
and lysozymes (Bonilla et al., 2018), mushroom compost (Pleurotus ostreatus) (Lin et al.,

2010), a microbial consortium (Lin ef al., 2017) and biosurfactant (Sethupathy et al., 2020).
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Methane yield after biological treatment varied from 50 mLCH4gVS (Sethupathy &
Sivashanmugam, 2018) to 429 mLCH4/gVS (Lin et al., 2017); however, the highest value was
observed for co-digestion of SS, rice straw and monosodium glutamate waste liquor, which
may be the reason for the increment in the methane yield which this technique produced (Lin
etal.,2017).

Regarding the methane production rate, Karlsson et al. (2011) found a production of
70% of the total biogas during the first 20 d after enzyme pretreatment. In contrast, Bayr et al.
(2013) did not find any improvement in the methane production rate when using a biological
pretreatment. Difficulties related with enzyme selection, enzyme preparation and sludge
characteristics seem to affect sludge digestibility, making the results discrepant between the
different studies.

For mechanical pretreatment methods, beside microwave and ultrasound, Microsludge®
is a technology that combines chemical and mechanical disintegration for the solubilization.
The effects of Microsludge® were demonstrated in two publications. First, Saha et al. (2011)
found a methane yield of 100 mLCH4/gCOD, 125% higher than the control. In the second
publication evaluated, Elliot & Mahhmood (2012) found an increase in methane yield from 12-
77 mLCH4/gCOD (raw sludge) to 71-99 mLCH4/gCOD (pretreated with Microslude®), with
results varying according to operating conditions.

More recently, an electrical method was tested, which is described as the most effective
strategy for pulp and paper mill sludge hydrolysis (Veluchamy et al., 2017). Electrohydrolysis
was tested by Veluchamy et al. (2017, 2018), achieving a high methane yield of 301
mLCH4/gVS, versus 274 mLCH4/gVS for raw sludge. The authors explained that
electrohydrolysis pretreatment followed by an anaerobic digestion process is a simple and
sustainable strategy for waste stabilization and utilization in P&P mills, even though the energy
consumed in the pretreatment seems higher. However, no detailed information about energy
consumption and economic issues was presented.

The following hybrid strategies were also studied: ultrasound plus thermal, ultrasound
plus biological, ultrasound plus thermal and biological (Bayr et al., 2013), ultrasound plus
alkaline (Park ez al., 2012; Tyagi et al., 2014) and microwave plus alkaline (Tyagi ez al., 2014).
Tyagi et al. (2014) achieved the highest COD solubilization (76-78%) using combined
microwave (175 °C) and alkaline (pH 12) pretreatment. Bayr et al. (2013) produced the highest
methane yield (141 mLCH4/gSV) with the combined ultrasound and thermal methods, but when
they used only thermal pretreatment (150 °C for 10 minutes), the results were similar (134

mLCH4/gSV).
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Analyzing the present data, some of the pretreatment techniques showed great
disadvantages. Biological pretreatment required great efforts for enzyme preparation and
operational control, plus the additional cost related to the large amount of enzyme required.
Ultrasound and microwave techniques, although appearing to be promising due to the increase
in biogas yield, may not be advantageous due to the high costs associated with the installation
and maintenance of these technologies. Park ef al. (2012) estimated the application of ultrasonic
pretreatment at US$ 21/m3, and US$ 22-27/m3 when alkali was added, emphasizing that even
if the biogas were sold at a high price (US$ 10/GJ), the profit would only be US$ 1.4/m3,
without considering the costs of installation and maintenance. For Saha et al. (2011), under all
the tested conditions for microwave (50-75 °C, 2450 MHz) and for ultrasonic waves with more
than 15 min of retention time (frequency of 20 kHz), a negative energy balance was verified,
which indicates that the cost with the pretreatment is higher than the possible profit related to
the generation of biogas.

Thermal and alkaline pretreatment resulted in an increase in COD solubilization and in
methane yield (Wood et al., 2009; Lin et al., 2009). These options seem to be the simplest for
full-scale implementation, since they can benefit from the mill’s own resources. Sources of
alkalinity are common, due to the materials used in the pulping process, mainly in chemical
pulp mills (both sulfite and kraft processes). Also, heat energy, commonly in the form of high-
pressure steam generated in the recovery boiler, can be used as the heat source for the
pretreatment and anaerobic reactors, thus reducing the operating costs.

The large discrepancy among the results presented does not allow us to assess the real
impacts of pretreatment. Aspects such as the type of pulping process, sludge moisture and
organic (original COD) content seem to influence the methane yield results, together with the
pretreatment conditions. The need for further studies in order to optimize the operating

conditions and clarify the real impacts of pretreatment on sludge solubilization is clear.

3.4 A case study of anaerobic digestion of secondary sludge in a typical Brazilian kraft

pulp mill

Simulations were performed in order to evaluate the potential of anaerobic digestion in
a typical Brazilian kraft pulp mill, since the data in the literature consulted did not allow us to
evaluate the suitability of anaerobic digestion and the real impacts of pretreatment (see the

Appendix A, Table S1). The scenarios evaluated included: 50% (1680 m3/d), 75% (2520 m3/d)
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and 100% (3360 m3/d) of the total surplus activated sludge treated with anaerobic digestion and
SRT varying from 8 to 20 d.

Table 3 shows the results for sludge characterization performed before and after the
pretreatment tests. Pretreatment solubilized the secondary sludge considerably, since all the
evaluated parameters increased after the tests. Comparing pretreated sludge with raw sludge,
tCOD increased 143%, sCOD increased 965%, BODs increased 485% and BODu increased
469%. For the anaerobic digestion simulation, this provides a more soluble form of organic
matter entering the digesters, resulting in a higher potential for methane production. Similar
results are reported by Wood et al. (2009) and Bayr et al. (2013), both with an increase in
soluble organic matter after thermal pretreatment of P&P mill sludge that resulted in an increase

in the methane yield after batch assays.

Table 3. Characterization of organic matter from secondary sludge, performed before and after
thermal pretreatment tests

Parameters Raw sludge Pretreated sludge
tCOD 7549+173 mg/L 10,823+552 mg/L
sCOD 1112422 mg/L 10,7294+492 mg/L
BODs 570434 mg/L 2765+36 mg/L
BODu 856197 mg/L 40154235 mg/L

Figures 1, 2 and 3 represent the results obtained in the simulations of anaerobic
digestion. It is important to observe a major impact of SRT on the volume of the digesters.
Considering the simulated case where 100% of the surplus activated sludge was treated using
anaerobic digestion, the necessary digester volume increased 2.5 times, from 26,880 m3 (SRT
of 8 d) to 67,200 m3® (SRT of 20 d). Considering the methane production estimated in this
scenario, the increase was not so significant: from 2912 m3CHa4/d (SRT of 8 d) to 3107 m3CH4/d
(SRT of 20 d), an increase of only 1.07 times.
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Figure 1. Simulation of the anaerobic digestion process in a typical Brazilian bleached
eucalyptus kraft pulp mill, using raw and pretreated secondary sludge as substrate and
considering 100% of the surplus activated sludge treated with anaerobic digestion
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Figure 2. Simulation of the anaerobic digestion process in a typical Brazilian bleached
eucalyptus kraft pulp mill, using raw and pretreated secondary sludge as substrate and
considering 75% of the surplus activated sludge treated using anaerobic digestion
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Figure 3. Simulation of the anaerobic digestion process in a typical Brazilian bleached
eucalyptus kraft pulp mill, using raw and pretreated secondary sludge as substrate and
considering 50% of the surplus activated sludge treated using anaerobic digestion

The required anaerobic digester volume is greatly reduced when the sludge flow rate is
diminished: to treat 75% of the sludge flow rate, a volume between 20160 and 50400 m3 is
required; to treat 50% of the sludge flow, a volume between 13440 and 33600 m3 is needed.

The presence or absence of the pretreatment step was shown to be the most important
factor for increasing the methane production and had a greater influence than the SRT. The best
result for raw sludge was 662 m3CH4/d, when 100% of the surplus activated sludge was treated
with an SRT of 20 d. Using pretreated sludge, this value was exceeded in all scenarios: 2912-
3107 m3CHa/d (treating 100% of the sludge), 2184-2330 m3CH4/d (treating 75% of the sludge)
and 1456-1553 m3CH4/d (treating 50% of the sludge). The results showed that pretreated sludge
has a potential to produce 4.7 times more methane than raw sludge, when considering the same
flow rate and SRT. This can be explained by the increase in the initial BOD as a result of the
solubilization promoted by the pretreatment. Without pretreatment, not even a long SRT is
sufficient to provide a significant increase in methane production.

Although the results only show a maximum potential for methane production and
possibly overestimate the real methane yield, they provide an indication of the suitability of
secondary sludge from P&P mills for anaerobic digestion and show that pretreatment was the
major influence in the process.

The decision of whether or not to use a full-scale anaerobic digestion system has to
consider the costs of implementation and maintenance, along with the benefits related to biogas

production. In relation to a pretreatment plant coupled with the AD process, Li et al. (2019)
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presented a simple and useful tool for assessing process feasibility in terms of economic
efficiency, using the cost of the input strategy and the price of the extra methane produced.
According to their analysis, thermal pretreatment is one strategy classified as economically
feasible.

Anaerobic digestion processes are highly applicable in Brazil, due to such favorable
factors as operational simplicity and Brazilian climatic conditions, with high temperatures. In
P&P mills, several opportunities can be considered. Biogas can be burned in a combined heat
and power (CHP) plant to generate electricity and heat simultaneously. Considering the possible
processes, a CHP system can produce heat for thermal pretreatment and anaerobic reactors, and
also electrical power for the ETP. This can reduce the operating costs by providing power for
pumps and aerators, making the effluent treatment plant a self-sufficient sector in terms of
energy. The digested sludge has a potential for soil fertilization, due to its stabilized organic
matter and high nutrient content, as described by Tambone et al. (2010). Another possibility is
to use the available heat energy, commonly in the form of high-pressure steam generated in the
recovery boiler, as the heat source for both the pretreatment and the anaerobic reactors, reducing

the operating costs even more.

4 CONCLUSIONS

Different pretreatment techniques have been applied for the improvement of anaerobic
digestion of pulp and paper sludge. Some of them, especially ultrasound and microwave, despite
the increase in methane yield, are not currently favorable for full-scale implementation due the
costs of construction, operation and maintenance, resulting in a negative energy balance. On
the other hand, acid pretreatment was tested only once, and decreased the methane yield when
compared with raw sludge.

Biological pretreatment, especially enzymatic options, showed difficulties for
implementation, mainly because of the enzyme selection and the additional step of enzyme
preparation. Because of this, the time required to perform the pretreatment is very high
compared to the other processes, which can be a hindrance to full-scale implantation.
Electrohydrolysis seems to be a good option for pretreatment, however more studies are
necessary in order to verify the energy and economic issues.

The most promising pretreatments seems to be the thermal and thermal-alkaline
processes. Both showed an increase in the methane production rate, generating more than 70%

of the total methane in only 15-20 d. Also, a significant increase in the total amount of methane
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is achieved, with cases where more than 300% was produced when compared with raw sludge.
Additionally, and considering sources of heat energy already existing inside the pulp mill itself,
thermal pretreatment looks like the best option, considering the operating costs.

The case study allowed us to confirm the great influence of the pretreatment step on
potential methane production. Using raw sludge, there is a maximum potential to produce 662
m3CHa4/d, however pretreated sludge showed a potential between 1456-3107 m3CH4/d. The
results provided an indication that P&P mill secondary sludge is suitable for anaerobic
digestion, and that pretreatment was the major influence in the process, even more than some

operating parameters like solids retention time.
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EFFECTS OF PRETREATMENTS ON THE SOLUBILIZATION AND
THEORETICAL METHANE PRODUCTION OF WASTE ACTIVATED SLUDGE
FROM A BRAZILIAN EUCALYPTUS KRAFT PULP MILL

Abstract

Waste activated sludge (WAS) originating from kraft pulp mill effluent treatment plants
represents an important environmental challenge for this industry. Anaerobic digestion is a
promising option for WAS treatment, with the added benefit of biogas production. This paper
presents the application of thermal, thermal-alkaline, and mechanical pretreatment methods in
order to promote the solubilization of organic matter to enhance the anaerobic digestion of the
WAS from a Brazilian eucalyptus bleached kraft pulp mill. A total of 16 pretreatment operating
conditions were compared. Chemical analyses showed an improvement in organic matter
solubilization, with an increase greater than 7-fold for soluble chemical oxygen demand and 4-
fold for biochemical oxygen demand. Nutrient solubilization showed an increase greater than
10-fold for total Kjeldahl nitrogen and 3-fold for total phosphorus. Theoretical biochemical
methane potential was improved from 211 mLCH4/gVS for raw sludge to 333-343 mLCH4/gVS
after mechanical pretreatment, 314-360 mLCH4/gVS after thermal pretreatment, and 373-378
mLCH4/gVS after thermal-alkaline pretreatment. In general, thermal-alkaline pretreatment
showed the best results for all the evaluated parameters, with the advantage of requiring lower
temperature and retention time when compared to thermal conditions.

Keywords: Anaerobic digestion; Biogas; Pretreatment; Pulp and paper mill; Sludge digestion.
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1 INTRODUCTION

In addition to consuming significant quantities of fresh water, the pulp and paper (P&P)
industry is one of the world’s largest generators of effluents. Despite the continuous reduction
of water use, from about 200 m*/ADT in the 1960’s to the current 25 m3/ADT in modern kraft
pulp mills, an average of approximately 60 m3/ADT of effluent is generated (Reeve et al. 2000;
Karlsson 2010).

Effluent treatment plants (ETP) generate considerable amounts of waste activated
sludge (WAS), which is usually incinerated or disposed of in landfills. Sludge generation in
Canadian mills was estimated at 50 kg/ADT, and WAS corresponds to approximately 30% of
this total (Elliot and Mahmood 2005). Sludge management represents a large financial burden
on P&P mills. Approximately 60% of the total effluent treatment costs are spent on sludge
management and disposal (Kamali ef al. 2016). Therefore, there is a growing demand for
methods that minimize the costs by reducing the volume of WAS or reducing the cost of the
treatment and final disposal.

Anaerobic digestion is a promising treatment for WAS, with the additional benefit of
producing biogas. However, WAS from P&P mills contains complex lignocellulosic
compounds, which inhibit the digestion of the substrate. Considering the slow rates of substrate
removal (0.3 to 11 gCOD/gVSS.d) (Rajagopal et al. 2013) and slow bacterial growth rates (0.02
to 0.04 gVSS/gCODremoved) (Mermillod et al. 1992) inherent in the anaerobic processes, it
requires high-volume reactors operating with a high retention time, turning this option
economically unfavorable (Meyer and Edwards 2014).

Pretreatment technologies maximize the soluble fraction of the sludge organic matter
prior to applying anaerobic digestion. Different methods have been investigated based on
biological, chemical, thermal, and mechanical processes (Elliot and Mahmood 2007; Meyer
and Edwards 2014; Li et al. 2019). Defined as “methods of sludge disintegration”, pretreatment
leads to a desired soluble chemical oxygen demand and/or protein increase in the liquid phase,
resulting in an easier conversion of organic matter to methane. Promising results related to the
increase of biogas production, organic matter removal, and reduction of the retention time
required for the anaerobic digestion have been reported (Elliot and Mahmood 2007; Meyer and
Edwards 2014).

Thermal, thermal-alkaline, and mechanical sludge pretreatments for anaerobic digestion
are the most studied methods (Elliot and Mahmood 2007; Meyer and Edwards 2014; Li et al.

2019). The results of research are promising, and a considerable increase in methane production
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has been observed using WAS from P&P mills, e.g., 110 mL/mgCOD for thermal-alkaline and
115 mL/mgCOD for thermal pretreatments, compared with 30 mL/mgCOD for raw sludge
(Wood et al. 2009, 2010), and more than 100% increase after mechanical pretreatment (Elliot
and Mahmood 2012).

For P&P mill sludge, thermal pretreatment conditions include temperatures between 70
and 190 °C (Bayr et al. 2013; Huang 2015) and retention time from 10 to 60 min (Wood et al.
2009; Wood et al. 2010; Bayr et al. 2013). Usually, longer retention times are related to lower
temperatures. Thermal-alkaline pretreatment was tested at pH 12 and 140 °C for 60 min (Wood
et al. 2009, 2010). Mechanical methods included mechanical shearing (1500 rpm in alkaline
conditions for 30 min), sonication (20 kHz), and high-pressure homogenization of 83 MPa in
alkaline conditions (Elliot and Mahmood 2012). Commercial pretreatment plants are available,
based on thermal hydrolysis process, e.g., Cambi® (Norway) and Lystek® (Canada), both
suitable for anaerobic digestion optimization by disintegration of microbial cell walls and
hydrolyses of complex macromolecules into simpler compounds from several biosolids.
Nevertheless, there are still gaps in the knowledge, such as the effects of pH on the
solubilization of organic matter at different temperatures and the effects of the retention time
during the mechanical disintegration.

The effects of pretreatment are still unclear, considering the large discrepancy between
the results reported in the literature, even when the same pretreatment types were compared,
e.g., 60 mLCH4/gVS (Kinnunen et al. 2015) to 182 mLCH4/gVS (Zhang et al. 2016) for thermal
pretreatment. Most studies have been limited to investigating the increase in biogas production
through biochemical methane potential (BMP) tests, without verifying the real effects of
pretreatment on sludge solubilization (for example, COD and nutrient solubilization before and
after the pretreatment tests). Considering that the increase in biogas yield occurs due to the
previous solubilization of the organic matter caused by the pretreatment, as evidenced in several
studies (Wood et al. 2009, 2010; Bayr et al. 2013; Karlsson et al. 2015; Kinnunen et al. 2015;
Veluchamy et al. 2017, 2018), a deeper understanding of the effects of pretreatment is needed
for the optimization of the anaerobic process.

Although experimental BMP tests are widely applied for determining methane yield and
anaerobic digestion configurations, there are some methodologies used to save costs and time
from this process by using the theoretical biochemical methane potential (BMPth) of a substrate
considering its organic composition. Methodologies based on the elemental composition for the
determination of theoretical production fit better with the experimental results and behavior

(Nielfa et al. 2015). BMPth is widely recognized in order to give an indication of the maximum
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methane production expected from a specific waste. A review on the methods for determination
of biomethane potential mentioned that theoretical studies are significant and constitute an
interesting option, especially in cases where access to laboratory facilities is limited (Jingura
and Kamuso 2017). For P&P sludge, the methane yield ranges from 40 to 60% of the theoretical
potential (Rodriguez-Chiang and Dahl 2015).

The objective of this research was to present and evaluate different thermal, thermal-
alkaline, and mechanical pretreatments, in order to find the best condition for organic matter
and nutrient solubilization and theoretical methane production for WAS generated in a Brazilian

Eucalyptus bleached kraft pulp mill.

2 EXPERIMENTAL

2.1 Sampling

The WAS samples were collected from an ETP of a bleached kraft pulp mill located in
Southeast Brazil. The mill uses Eucalyptus sp. as raw material for pulp production
(approximately 1 Mt of ADT/year). The effluent treatment process consists of a primary
clarifier followed by a conventional activated sludge plant. Approximately 15 kg of WAS/ADT
of pulp (dry basis) is generated. Approximately 300 L of WAS were collected from the return
line of the secondary clarifier and stored according the sampling and samples preservation
methods (USEPA 2013): 50-L plastic flasks, at temperatures below 4 °C, with additional
samples placed into acidified glass flasks (H2SO4 to pH < 2) for chemical oxygen demand,

nitrogen, and phosphorus analyses.

2.2 Pretreatment tests

Figure 4 summarizes the experimental design of the pretreatment tests. In all, 16
different thermal, thermal-alkaline, and mechanical pretreatment operating conditions were
tested in duplicate, resulting in 32 tests. The tested conditions were chosen based on published
results for pretreatment prior to anaerobic digestion tests using WAS from a municipal
wastewater treatment plant (Valo et al. 2004) and WAS from pulp and paper ETPs (Wood et
al. 2009; Elliot and Mahmood 2012; Bayr et al. 2013).
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200 °C for 15, 30 and 60 min 3960 kJ

Figure 4. Experimental setup for pulp mill waste activated sludge pretreatment tests

Thermal (T) and thermal-alkaline (TA) pretreatment tests were carried out in a 20-L
pressurized Parr 4848 M Reactor (Parr Instrument Company, Moline, USA), with an internal
mixer (200£10 rpm) and thermometer. The reactor is made of stainless steel and designed to
withstand high temperatures and pressures. For each pretreatment test, 4 L of WAS were used.
After loading the sludge sample, the headspace of the reactor was flushed with nitrogen gas to
exclude oxygen and prevent any oxidation of the organic compounds. Heating rate was
measured in 9.5 °C per minute. Retention time was measured from the moment that the desired
temperature was reached.

For thermal-alkaline pretreatment, pH adjustment was carried out by using sodium
hydroxide (NaOH), a pH probe, and a shaker table. The experiment required 5.5 g to achieve
pH 11 and 6.2 g to achieve pH 12, resulting in a relation of approximately 1 g NaOH per 1.2
g/L tCOD. The pH adjustment was performed immediately before the pretreatment tests started,
in order to verify if the pH increase contributes to a reduction of the required retention time.

Mechanical (M) pretreatment was carried out using a centrifugal mill (REGMED Jokro
MIJK-6, Sao Paulo, Brazil), according to NBR 14.346 (NBR 14.346 1999), using 16 g (dry
basis) of WAS previously disintegrated. It was tested under three conditions in terms of energy
input: 990 kJ (150 rpm for 15 min), 1980 kJ (150 rpm for 30 min) and 3960 kJ (150 rpm for 60
min). Due to the equipment characteristics, rotation could not be changed, and the influence of

stirring speed was not evaluated.

2.3 Analytical methods

Chemical characterization of WAS, performed before and after the pretreatment tests,

included the following parameters: total chemical oxygen demand (tCOD) and soluble chemical
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oxygen demand (sCOD) — method 5220-D (APHA/AWWA 2012); biochemical oxygen
demand (BODs) — method 5210 (APHA/AWWA 2012); total phosphorus (P) — method 4500-
P (APHA/AWWA 2012); total Kjeldahl nitrogen (TKN) — method 1687 (EPA 2001a);
ammonia-nitrogen (NH3-N) — method 1689 (EPA 2001b); volatile solids (VS) — method 2540
(APHA/AWWA 2012); and elemental composition (C, H, N, O) — according to the analyst’s
manual of TruSpec Micro CHN and TruSpec O (LECO, St. Joseph, MI , USA). For sCOD it
was used filters with 0.45 um pore size. All the analysis was performed in triplicate and the

results are expressed as the mean + standard deviation.

2.4 WAS Disintegration and Theoretical BMP

Sludge floc structure was observed before and after pretreatment tests using a digital
microscope (RoHS®, Nanjing, China).

The empirical biomass formula (CaHbOcNd) was determined according to Rittmann
and McCarty (2012). BMPth was calculated using the stoichiometric equation (Eq. 1) based on
the atomic composition of the WAS using the Buswell equation (Eq. 2).

b ¢ 3d
CaHbOCNd + (Cl —Z—E-FT) H20 d
a b ¢ 3d a b ¢ 3d
(353 75)CHs+ (35 +g+7) COat dNHs (Ea.D)

28 4 '8
12a + b + 16¢ + 14d

(a b ¢ 3d)
BMPth (mLCH,) = 22.4 *

+ 1000 (Eq.2)

2.5 Statistical analysis

Data analysis was performed using the Ryan-Joiner test for verifying whether the results
were normally distributed. Statistical significance was examined by analysis of variance
(ANOVA) and post hoc Tukey test to evaluate the difference of the averages for data with
normal distribution. The Kruskal-Wallis method was used when the results did not follow a
normal distribution, and the post hoc Dunn test was employed to evaluate the difference of the
averages. The probability level of p < 0.05 was considered significant. Minitab 17.1.0
(MINITAB®, 2016, State College, PA, USA) and XLSTAT 2020.4.1 (Addinsoft, 2020 — New
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York, USA) software were used in order to perform the statistical tests, and SigmaPlot 11.0

(Systat Software, 2008, Chicago, IL, USA) was used to produce the graphs.

3 RESULTS AND DISCUSSION

3.1 Organic Matter Solubilization and Floc Disintegration

Total COD raised from 7.55 g/L (raw sludge) to 8.43 to 9.12 g/L (M pretreatment), to
8.81to 11.04 g/L (T pretreatment), and to 10.85 to 12.07 g/L (TA pretreatment), an increase of
12 to 60% (Figure 5). The increase in SCOD was even greater, from 1.11 g/L (raw sludge) to
7.30 to 7.50 g/LL (M pretreatment), to 7.33 to 10.73 g/L (T pretreatment) and to 9.21 to 11.46
g/L. (TA pretreatment), an increase of 656 to 1,030%. The maximum tCOD (12.07 g/L) and
sCOD (11.46 g/L) values from these tests were obtained with the TA conditions of 175 °C for
15 min at pH 12.

Statistically, the best results for tCOD were achieved with the TA conditions of 175 °C
for 15 min at pH 12 (12.07 g/L), 150 °C for 15 min at pH 12 (11.35 g/L), and 175 °C for 15
min at pH 11 (11.09 g/L) (see the Appendix B, Tables S1 and S2). For sCOD, the best results
were with the TA conditions of 175 °C for 15 min at pH 12 (11.46 g/L) and with the T conditions
of 175 °C for 30 min (10.73 g/L). For both tCOD and sCOD, the lowest solubilization was
shown with the M tests, significantly lower than the TA results.

BOD:s also sharply rose from 0.57 g/L (raw sludge) to 2.43-2.60 g/L (M pretreatment),
to 2.34-2.77 g/L (T pretreatment) and to 2.77-2.94 g/L. (TA pretreatment), an increase of 427-
516%. The maximum BODs (2.94 g/L) was obtained from the TA conditions of 175 °C for 15
min at pH 11. Mechanical pretreatment conditions showed a significantly lower BODs
solubilization when compared with the TA tests (see the Appendix B, Tables S1 and S2).

Pretreatment increased the organic matter content and significantly increased
sCOD/tCOD and BODs/tCOD ratios. An initial sSCOD/tCOD ratio of 0.15 was achieved for the
raw sludge, with a final ratio above 0.80 after all tested pretreatment approaches. For
BODS5/tCOD, the initial ratio of 0.08 was raised to 0.24-0.30 after the sludge pretreatments.
These results indicate that there was an extensive hydrolysis of the particulate organic matter
in addition to an increase in the biodegradable content of the organic matter as a result of the

sludge pretreatment application (see the Appendix B, Figure S1).
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Figure 5. Total chemical oxygen demand (tCOD), soluble chemical oxygen demand (sCOD)
and biochemical oxygen demand (BODs) solubilization after mechanical (M), thermal (T) and
thermal-alkaline (TA) pretreatment tests for kraft pulp mill waste activated sludge

Mechanical sludge pretreatment techniques help to remove small fibers that are
potentially difficult to degrade in a subsequent anaerobic digester (Elliot and Mahmood 2012),
but the results are always inferior to those achieved when higher temperatures or alkalinity are
applied. A study where three different mechanical methods for pretreatment of P&P mill WAS
were compared showed the best results for solubilization and for biogas production when
mechanical homogenization was combined with WAS alkalization (Elliot and Mahmood 2012).
This indicates that the use of high temperatures and alkalization are more effective to rupture
the cell membranes than mechanical disintegration alone.

The present results were similar to those reported for thermal and thermal-alkaline

pretreatments of pulp mill WAS (Table 4). Wood et al. (2009, 2010) found a 6-fold increase in
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sCOD concentration after T pretreatment of 170 °C for 60 min and a 7-fold increase after TA
pretreatment of 140 °C for 60 min at pH 12, using WAS from a sulfite pulp mill. Bayr et al.
(2013) achieved a 4-fold increase after 70 °C for 40 min and a 9-fold increase after 150 °C for
10 min, also using WAS from a sulfite mill. The present results are also similar to those reported
for municipal sewage WAS, where the fraction of sCOD increased more than 10 times using
the T pretreatment (Valo ef al. 2004). Donoso-Bravo et al. (2011) and Zhang et al. (2016)
demonstrated that temperature affects sCOD, due to the effect on the bacterial cell, leading to

a sub sequential cell breakage and macromolecular destruction.

Table 4. Soluble chemical oxygen demand (sCOD) before and after pretreatment tests in pulp
mill secondary sludge

Pretreatment condition sCOD (/L) Increase Reference
before  after

Mechanical conditions 1.1 7.3-7.5 7-fold This study

Thermal conditions 1.1 7.3-10.7  7-10-fold This study

Thermal-alkaline conditions 1.1 9.2-11.5 8-10-fold This study
Thermal: 70 °C, 40 min 1.0 4.0 4-fold Bayr et al., 2013
Thermal: 150 °C, 10 min 1.0 9.0 9-fold Bayr et al., 2013
Thermal: 170 °C, 60 min 1.4 8.5 6-fold Wood et al., 2009
Thermal-alkaline: 140 °C, 60 min, pH 12 1.4 9.7 7-fold Wood et al., 2009

Mechanical shear 1.4 2.9 2-fold Elliot & Mahmood, 2012

The destruction of the sludge floc was observed after the pretreatment tests by

microphotography (Figure 6).

: ] 1. mm

Figure 6. Microphotograph of waste activated sludge: raw sludge (A); after mechanical
pretreatment at 9,000 revolutions (B); after thermal pretreatment at 150 °C for 15 min (C); after
thermal pretreatment at 200 °C for 15 min (D); after thermal-alkaline pretreatment at 150 °C
for 15 min at pH 11 (E); after thermal-alkaline pretreatment at 175 °C for 15 min at pH 12 (F).

1 mr
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The results showed that at either temperature, alkali addition and mechanical rotation
disrupted the sludge floc structure when compared with the raw sludge sample. Most of the
sludge macromolecules were degraded into small units after pretreatment, which is desirable,
since these are easier for the microorganisms to decompose in order to increase the methane
yield in the anaerobic digestion stage. Similar results were shown by Lin et al. (2009; 2010),
with sludge disruption seen after the biological and alkaline tests. In both studies, the authors
showed that the increase in sSCOD was accompanied by the disruption of the sludge floc caused
by the pretreatment applied.

A possible mechanism for improvement of biogas production in anaerobic digestion is
additional COD and BOD:s solubilization as a result of pretreatment, making the organic matter
more available for digestion. Previous studies showed COD solubilization to be the principal
mechanism for enhancing anaerobic digestibility (Wood et al. 2009, 2010; Bayr et al. 2013). A
rise of 24% in methane production was observed when sCOD increased 9 times after thermal
pretreatment (Bayr er al. 2013). It is the first step in improving biogas production and making

the anaerobic technology of WAS viable for full-scale implementation in P&P mills.

3.2 Nutrients solubilization

Chemical tests showed that the amount of TKN in the raw sludge was 366 mg/L, but
only 29 mg/L (8%) of this was in the soluble form. All pretreatment conditions improved the
solubilization. The soluble form of TKN rise to 297-300 mg/L (M pretreatment), to 296-309
mg/L (T pretreatment) and to 307-310 mg/L (TA pretreatment) (Figure 7). The maximum TKN
(310 mg/L) from these tests was obtained with TA conditions of 150 °C for 15 min at pH 12
and 175 °C for 15 min at pH 11.
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Figure 7. Total Kjeldahl nitrogen (TKN), ammonia-nitrogen (NH3-N) and total phosphorus (P)
solubilization after mechanical (M), thermal (T) and thermal-alkaline (TA) pretreatment tests
for kraft pulp mill waste activated sludge

Mehrdadi et al. (2012) also showed TKN solubilization after WAS pretreatment. The
authors reported increased values from 5.6% to 170.8% of TKN using ultrasonic wave
irradiation, explaining that solubilizing the WAS and consequently supplying nitrogen
components to the biological treatment units would accelerate the treatment process.

NH3-N content was undetected in the raw sludge but showed a concentration of 32-33
mg/L after the M pretreatment, 33-37 mg/L after the T pretreatment and 39 mg/L after the TA
pretreatment. The increase in NH3-N can be explained by the protein decomposition, as already
demonstrated by Lin ef al. (2009, 2010) after alkaline and biological pretreatments using P&P
mill WAS.



53

The reported results demonstrated an NH3-N increase after pretreatment tests for pulp
mill WAS ranging from 2-fold (Lin et al. 2009) to 11-fold (Lin et al. 2010) (Table 5). Zhang et
al. (2016) also highlighted the quick release of ammonia with temperatures above 100 °C,
which can be explained by the protein conversion to peptides and volatile fatty acids of smaller
molecular weight, and also by the ammonia production through the cleavage of amine
functional groups of ammonia acids (-NH3z), as well as from the destruction of the peptide bonds

(-NH-CO-).

Table 5. Ammonia-nitrogen (NH3-N) before and after pretreatment tests in pulp mill waste
activated sludge

Pretreatment NH:-N (mg/L) Increase Reference
before  after

Mechanical conditions un®®  32-33 - This study
Thermal conditions un®  33-37 - This study
Thermal-alkaline conditions un® 39 - This study
Alkaline: 4 gNaOH/100 g TS sludge 0.85@  1.24®  2-fold Lin et al. (2009)
Alkaline: 8 gNaOH/100 g TS sludge 0.85@ 1.38®»  2-fold Lin et al. (2009)
Alkaline: 16 gNaOH/100 g TS sludge 0.85@  1.24®  2-fold Lin et al. (2009)
Mechanical shear: 1500 rpm, pH 12 47 93 2-fold Elliot a(nzcz)ll\/;z)ihmood
Sonication: 20 kHz 47 205 4-fold Elliot a(nz%ll\g‘hmo"d
ngh.—pressure homogenization: 83000 kPa in alkaline 47 538 11-fold Elliot and Mahmood
conditions (2012)

(Mundetected, Pg/L

The decomposition of organic matter releases nitrogen compounds, mainly those
containing proteins, amino acids and urea (Suschka and Griibel 2014). Nitrogen is essential for
the growth and maintenance of microorganisms, but its inhibitive effect on methane production
can be observed at high concentrations. Despite the increase in the NH3-N concentration, it is
still below the inhibitive range. The inhibitory effects of ammonia have been related to the
methanogenesis phase in anaerobic digestion (Cali ef al. 2005; Yan et al. 2021). Yan et al.
(2021) cites some problems related to the application of thermal strategies for sludge hydrolysis,
including high residual ammonia. Despite this, a critical threshold concentration was reported
to range from 1,500 to 7,000 mg/L (Rajagopal et al. 2013).

Nutrient solubilization and nutrient recycling capacity were demonstrated by Sun et al.
(2013) after thermal treatment in sewage sludge (180-240 °C for 30-90 min). The authors
showed that 40-70% of the nitrogen and 10-15% of the phosphorus in sewage sludge could be
dissolved into the liquid phase, suggesting that temperature is effective for solubilizing the
sludge. The results of the present research suggest that pH also has an important role in the

solubilization, along with temperature.
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WAS nutrient solubilization is important since anaerobic digestion consists of
biochemical processes carried out by essential microorganisms. Nutrients are essential for the
success of microorganism growth and maintenance. Despite the large amount of nitrogen and
phosphorus compounds in WAS, the major parts are in insoluble forms, forcing the
hydrolyzation by the microorganisms and limiting the biological processes. Through the
previous solubilization of nutrients caused by pretreatment, there was an improvement in the

anaerobic digestion stage due to the acceleration of the hydrolyze phase.

3.3 Theoretical Biochemical Methane Potential

Table 6 presents the results obtained for the C/N ratio, VS content, empirical formula
and theoretical biochemical methane potential. Improvements in the C/N ratio, VS and BMPth

were shown after all pretreatments tests as a result of sludge solubilization.

Table 6. Carbon/Nitrogen (C/N) ratio, volatile solids (VS), empirical formula and theoretical
biochemical methane potential (BMPth) for raw and pretreated kraft pulp mill waste activated
sludge

Pretreatment C/N VS (g/g) Empirical formula BMPth (mLCH4/gVS)
Untreated 6 0.35 C7H1309N 211
M: 990 kJ 8 0.37 CoH1408N 333
M: 1980 kJ 8 0.38 CoH1408N 333
M: 3960 kJ 8 0.37 CoH1408N 343
T: 150 °C, 15 min 8 0.38 CoH1408N 314
T: 150 °C, 30 min 8 0.39 CoH1403N 345
T: 150 °C, 60 min 8 0.40 CoH 403N 355
T: 175 °C, 15 min 8 0.38 CoHi307N 346
T: 175 °C, 30 min 8 0.41 CoH14O7N 359
T: 175 °C, 60 min 8 0.41 CoH14O7N 360
T: 200 °C, 15 min 7 0.38 CsH1207N 344
T: 200 °C, 30 min 8 0.40 CoH1403N 354
T: 200 °C, 60 min 8 0.39 CoH1407N 360
TA: 150 °C, 15 min,pH 11 9 0.41 CioH160sN 373
TA: 150 °C, 15 min, pH 12 8 0.42 CioH1408N 373
TA:175°C, 15 min,pH 11 8 0.42 CoH1206N 378
TA: 175°C, 15 min,pH 12 8 0.43 CoH14O7N 376

The C/N ratio improved from 6 in the raw sludge to 7-9 after pretreatment tests, with
better results under the TA conditions. Despite improvements, the C/N ratio remained below
the optimal value indicated for anaerobic digestion, which is between 20 and 30 (Banks and
Heaven 2013). A better C/N ratio may be achieved with co-digestion. Nevertheless, there are

no reports of inhibition related to the unbalanced C/N ratio. Park et al. (2012) did not achieve
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an increase in the C/N ratio after different alkaline and ultrasonic pretreatments using pulp mill
WAS; however, this did not affect the increase in methane production, even with an initial C/N
ratio around 10.

Elemental composition was changed as the VS contend changed. The values raised from
0.35 gVS/g (raw sludge) to 0.37-0.43 gVS/g after pretreatment tests. An increase on the VS
values was accompanied by an increase in C in the empirical formula as a result of cells walls
rupture and organic matter released. Liew et al. (2022) presented some examples about the
importance of VS content for biogas production; according to their review, higher contents of
VS result in more produced energy in the form of biogas.

BMPth increased in all the pretreatments tested by at least 100 mLCH4/gVS. The results
ranged from 211 mLCH4/gVS (raw sludge) to 333-343 mLCH4/gVS (M pretreatment), to 314-
360 mLCH4/gVS (T pretreatment, and to 373-378 mLCH4/gVS (TA pretreatment), an increase
of 149-179%. The maximum BMPth was obtained with the TA conditions, all exceeding 373
mLCH4/gVS. In contrast, the minimum values were obtained with the T condition of 150 °C
for 15 min (314 mLCH4/gVS) and with all the M tests (333-343 mLCH4/gV\S).

In practice, no reaction goes to full completion, and it is impossible to have total
breakdown of cellulosic materials. Although the results only give a maximum biogas
production potential and overestimate the real biogas yields, the results seem to be very
promising when comparing the BMPth values with literature (Table 7). The application of a
limiting factor (f = 80%) was proposed to give more reliable results and eliminate the
discrepancy between hypothetical and real biogas amount when Buswell equation was applied
(Achinas and Euverink 2016). Applying the f factor (adjusted BMPth), the results of this
research were still higher than the experimental values determined by other authors (Bayr et al.
2013; Kinnunen et al. 2015).

The BMP results provide an indication of the biodegradability of a substrate and its
potential for producing methane via anaerobic digestion. Such information allows a direct
assessment of the biogas yields achieved by the anaerobic process. From an economic
perspective for P&P mills, these results show that methane can be obtained from WAS and that
the investment in anaerobic digestion technology may provide energy (biogas) and also
fertilizer (digestate) that can be applied in the forestry field, reinforcing the production of raw
material for the industry. In comparison, Meyer et al. (2020) explained that anaerobic digestion
system requires a lower capital cost than other techniques, citing that it could cost at least 3

times less than incineration.
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Table 7. Biochemical Methane Potential (BMP) for pulp mill waste activated sludge, in
mLCH4/gVS

Theoretical Adjusted Experimental

Pretreatment BMPth BMPth BMP Reference
Raw sludge 211 169 - This study
Mechanical conditions 333-343 266-274 - This study
Thermal conditions 314-360 251-288 - This study
Thermal-alkaline 373-378 298-303 ; This study
conditions
Thermal: 150 °C, 10 min - - 134 Bayr et al. (2013)
Thermal: 70 °C, 40 min - - 112 Bayr et al. (2013)
Thermal: 80-134 °C, 20- ) ) 60-124 Kinnunen et al.
120 min (2015)

One possibility to be considered is the use of heat energy, commonly in the form of
high-pressure steam generated in the boilers, as the heat source for the pretreatment and
anaerobic reactors, thus reducing the operating costs. The biogas produced can be burned in a
combined heat and power (CHP) plant to simultaneously generate electricity and heat.
Considering the possible process routes, a CHP system can also produce heat for the
pretreatment and anaerobic reactors and electrical power for the ETP. This can reduce the
operational costs for the pretreatment while providing power for pumps and aerators, making
the ETP a self-sufficient sector in terms of energy. Another way for reducing the operating costs
was presented by Jian ef al. (2021), using black liquor (pH 12.8, 4.1 g/L of residual alkali) to
replace NaOH for the pretreatment using sludge from a soda pulping mill. The authors showed
that adding black liquor increased sCOD concentration and increased the amount of methane

produced, demonstrating the economic feasibility of this strategy.



57

4 CONCLUSIONS

1. Pulp mill waste activated sludge (WAS) solubilization was achieved with
thermal, thermal-alkaline and mechanical pretreatments. For organic matter solubilization, the
bests results were achieved with the thermal-alkaline (TA) operating conditions of 175 °C for
15 min at pH 12 for tCOD and sCOD and 175 °C for 15 min at pH 11 for BODs.

2. The TA pretreatment also showed the maximum solubilization values for
nutrients, in special the operation conditions of 150 °C for 15 min at pH 12, 175 °C for 15 min
at pH 11 and 175 °C for 15 min at pH 12. This showed the powerful influence of pH on the
solubilization, despite the low retention time (only 15 min).

3. All pretreatments improved the potential methane production by at least 100
mLCH4/gVS. The bests results were achieved with the TA operating conditions, in the range of
373-378 mLCH4/gVS.

4. Considering the variables studied, pH seems to be the most important parameter
in the solubilization process. In general, mechanical conditions resulted in the worst results.
Thermal tests, despite the higher temperature (up to 200 °C) and greater retention time (up to
60 min), resulted in lower solubilization when compared with the thermal-alkaline processes,
although there was a statistical similarity for sCOD, BODs, TKN, NH3-N and P. Thermal-
alkaline pretreatment showed the best values for all the evaluated parameters, with the
additional advantage of requiring lower temperature (150-175 °C) and retention time (15 min).

5. Future research should include a pilot scale tests for economic evaluation of both
pretreatment and anaerobic digestion processes; also, for study other variables, such as the use
of other sources of alkalinity, metals solubilization and the influence of pretreatment on the

volatile organic acid concentrations.
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METHANE PRODUCTION FROM MESOPHILIC ANAEROBIC DIGESTION OF
WASTE ACTIVATED SLUDGE FROM A BRAZILIAN BLEACHED KRAFT PULP
MILL AFTER PRETREATMENT

Abstract

Large volumes of waste activated sludge (WAS) are generated in biological wastewater
treatment processes in pulp and paper mills. Great management efforts and high costs for
treatment, transport and disposal are required, which result in the necessity for more sustainable
methods of WAS management and energy recovery. This paper aims to evaluate the potential
of methane production from the WAS of a bleached kraft pulp mill. Thermal and thermal-
alkaline pretreatment techniques were applied for WAS solubilization prior to the biochemical
methane potential (BMP) tests in order to estimate methane production. These pretreatments
resulted in a high solubilization of sludge, mainly of the organic matter content. After 30 days
of testing, cumulative methane production increased from 90 mL CH4/gVS (raw sludge) to 181-
194 mL CH4/gVS with thermally pretreated samples, and up to 203-204 mL CH4/gVS with
samples which were pretreated using the thermo-alkaline technique. The pretreatment
conditions of 175 °C for 15 min at pH 11 were sufficient to achieve both a high solubilization
of WAS and a high methane production. The benefits of solubilization on the hydrolysis step
were clear, since higher levels of soluble organic matter can be immediately converted by the
anaerobic microorganisms. The results showed that pretreatment could significantly enhance
the anaerobic digestion of kraft pulp mill WAS, making this an attractive new option for sludge
management in this sector.

Keywords: anaerobic digestion; methane yield; pretreatment; pulp and paper mill; secondary

sludge.
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1 INTRODUCTION AND BACKGROUND

A large volume of wastewater is generated by biological effluent treatment processes in
pulp and paper (P&P) mills. Activated sludge (AS) technology is the most common process
used in this treatment, resulting in a huge amount of waste activated sludge (WAS) which is
composed mainly of microbial biomass, lignin and chemical residuals from the wood pulping
process. Traditionally, WAS is mixed with primary sludge, thickened, dewatered and disposed
of in landfills, or simply incinerated [1]. In Brazil, landfilling is the most common technique
for final disposal of WAS, although this has several drawbacks: landfill maintenance, high
financial costs, a shortage of sites and greenhouse gas emission [2,3].

Anaerobic digestion (AD) of sludge is an attractive process due to its capability for
reducing mass and volume and recovering energy. Some benefits are the stabilization and
disinfection of sludge and the recovery of energy in the form of methane [4]. Other benefits,
described by Karlsson ef al. [5], include the release of nutrients into the liquid and reject water,
which can be recirculated to the AS reactor, thereby reducing the need for commercial nitrogen
and phosphorus to feed the bacteria.

However, AD technology has not been established in P&P mills for sludge treatment
because of the low methane production, e.g., 47 mLCH4/gVS after 30 days of thermophilic
anaerobic digestion tests using WAS from a Brazilian eucalyptus bleached kraft pulp mill [6].
The low methane yield of P&P mill WAS can be attributed to the fact that the sludge is already
subjected to partial degradation during the AS process [1], and also to the presence of toxic
chemicals [7]. Also, some limiting factors are generally associated with the hydrolysis stage
[8]. Several options aiming to improve the AD process in P&P mills have been reviewed, and
sludge pretreatment seems to be the most promising technology [7,9,10,11].

WAS conversion to methane is a multistep process, with at least four stages: hydrolysis,
acidogenesis, acetogenesis and methanogenesis. Sludge pretreatment is designed to accelerate
the hydrolysis stage, i.e., the rate-limiting step in methane production from P&P mill WAS [9].
Pretreatment causes the lysis of the sludge cells and produces solubilized species to increase
the production rate and yield of biogas due to the transfer of organic matter from the sludge
flocs to the aqueous phase [7,12,13].

Thermal and thermal-alkaline pretreatments prior to AD are potential solutions for P&P
mill sludge management. The methane yield increased more than 200% after thermal (170 °C,
60 min) and thermal-alkaline (140 °C, 60 min, pH 12) pretreatments using WAS from a kraft

pulp mill in batch assays [14]. Therefore, a feasible methodology for estimating and evaluating
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the effectiveness of the pretreatment becomes necessary. To the best of our knowledge, there is
no previous study testing pretreatment for sludge solubilization with the objective of enhancing
the AD process using WAS from a Brazilian eucalyptus kraft pulp mill, and this lack acts as a
deterrent against the implementation of such technology in Brazilian mills.

In this study, methane production with both pretreated and raw (non-pretreated) WAS
collected from a Brazilian eucalyptus bleached kraft pulp mill was estimated through
biochemical methane potential (BMP) tests. The effects of previous solubilization caused by
thermal and thermal-alkaline pretreatments on methane production were evaluated in bath

assays at 35 °C that simulate a semi-solid anaerobic digestion state.

2 MATERIALS AND METHODS

2.1 Substrate and Inoculum

WAS samples were collected from the return line of the secondary clarifier at the
activated sludge effluent treatment plant of a bleached kraft pulp mill located in southeastern
Brazil. Eucalyptus sp. was used as the raw material for pulp production of approximately 1
Mt/year of ADT. The mill generates approximately 15 kg/ADT of WAS (dry basis).

The inoculum was collected from a mesophilic upflow anaerobic sludge blanket
(UASB) reactor fed with sewage at the Center for Research and Training in Sanitation (CePTS),
UFMG/Copasa (Arrudas Wastewater Treatment Plant, Belo Horizonte, Minas Gerais state,
Brazil). It was centrifugated at 4500 rpm for 10 minutes and incubated under mesophilic
conditions of 35+1 °C and stirring of 120 rpm for 7 days, in order to achieve biomass adaptation.
The chemical composition of this inoculum included: 17.4% total solids, 10.34% volatile solids,

1805 mg/L of soluble chemical oxygen demand and pH of 7.6.

2.2 Material Characterization

Chemical characterization of the WAS included the following parameters: total
chemical oxygen demand (tCOD) and soluble chemical oxygen demand (sCOD) — method
5220-D [15]; total phosphorus (P) — method 4500-P [15]; total Kjeldahl nitrogen (TKN) —
method 1687 [16]; ammonia-nitrogen (NH3-N) — method 1689 [17]; total solids (TS) and
volatile solids (VS) — method 2540 B-F [15]; elemental composition (C, H, N, O) — according
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to the analyst’s manual for TruSpec Micro CHN, TruSpec O and TruSpec S (LECO, Michigan,
USA); cellulose and hemicellulose — method T 249 cm-85 [18]; and Klason lignin — method T
222 om-11 [19]. For sCOD it was used filters with 0.45 um pore size. All the analysis was
performed in triplicate and the results are expressed as the mean + standard deviation.

The empirical biomass formula (CaHbOcNd) was determined according to Rittmann
and McCarty [20]. Theoretical biochemical methane potential (BMPth) was determined using
the stoichiometric equation (Eq. 1), based on the atomic composition of the WAS, using the

Buswell equation (Eq. 2).

b ¢ 3d
CaHbOCNd-F(a—Z—E-FT)HzO—)

(a b_¢ 3d)CH +(a b+c+3d)co + dNH. (Eq. 1
278 4 @)ttt 2T g2 g ) 3 (Bq.- 1)
a b ¢ 3d
(z+g-3-%)

BMP,, = 224 * 1000 (Eq. 2)

12a + b + 16¢ + 14d

2.3 Pretreatment Tests

Four pretreatments were chosen based on the best results related to the solubilization of
organic matter between sixteen previously tested operational parameters (data not shown).

The pretreatment conditions are summarized in Table 8. Thermal and thermal-alkaline
pretreatments were tested under two different conditions each, using a 20-L pressurized Parr
4848 M Reactor (Parr Instrument Company, Moline, USA), with an internal mixer (20010
rpm) and thermometer. For each pretreatment test, 4 L of WAS were used, and the headspace
was flushed with nitrogen gas to exclude oxygen and prevent any oxidation of the organic

compounds after loading the sludge samples.

Table 8. Operational parameters for pretreatment of kraft pulp mill waste activated sludge

Abbreviation Pretreatment Conditions
Raw None Raw sludge (control)
The-01 Thermal 175 °C, 30 min
The-02 Thermal 175 °C, 60 min
TheAlk-01 Thermal-alkaline 175 °C, 15 min, pH 11

TheAlk-02 Thermal-alkaline 175 °C, 15 min, pH 12
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For thermal-alkaline pretreatment, pH adjustment was carried out immediately before
the pretreatment tests started by using sodium hydroxide (NaOH), a pH probe and a shaker
table. It was necessary to use 5.5 g to achieve pH 11 (1.375 g NaOH per L of sludge) and 6.2 g
to achieve pH 12 (1.55 g NaOH per L of sludge).

2.4 BMP Assays

Biochemical methane potential (BMP) assays were performed according to the
methodologies proposed by Angelidaki ef al. [21] and Holliger et al. [22]. These BMP assays
were carried out in 120 mL serum bottles with 60 mL of headspace, in duplicate plus a blank
one. The blank served as a control test (without substrate) to verify the methanogenic activity
of the inoculum. It was considered a semi-solid anaerobic digestion state with 12% TS in each
serum bottle.

The initial food-to-inoculum (F/I) ratio was fixed at 1 gVSsubstrate/gV Sinoculum, as
previously determined by Lopes [23]. Micro- and macro-nutrient solutions, prepared in sodium
bicarbonate (buffer) according to the methodology described by Angelidaki ef al. [21], were
added prior to closing the serum bottles, in order to adjust the COD:N:P relation to 350:5:1
[24]. The initial pH was adjusted to 9.0 using NaOH (1.0 M) in order to avoid interference in
the methane production from the initial pH variation.

In all, 15 BMP assays was prepared, including duplicates and controls. The bottles of
these BMP assays were closed with butyl rubber stoppers and aluminum seal crimp caps,
flushed with N> for about 5 min (purge) to ensure an anaerobic condition and incubated at 35+1
°C and 120 rpm in a TE-421 orbital shaker incubator (Tecnal, Sao Paulo, Brazil). Methane
production was monitored every 12 hours until the methane production rate decreased.
Subsequently, the monitoring was performed daily until stabilized.

Monitoring was carried out manually, including the measurement of the pressure
generated by the biogas using the PM—9100HA Manometer (Lutron Electronic, Pennsylvania,
USA). Each biogas sample was collected with a syringe and injected into a Shimadzu® GC-
2014 gas chromatograph (Shimadzu Corp., Kyoto, Japan), equipped with a thermal
conductivity detector — TCD, using N> as the carrier gas for estimating the volume of methane
produced. The results were expressed in the standard conditions of temperature and pressure

(275.15 K and 1 atm) as mL. CH4/gVS.
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2.5 Statistical Analysis

Average final tCOD, sCOD, TKN, NH3-N, P, VS, cellulose, hemicellulose and lignin
were examined by analysis of variance (ANOVA) and a post hoc Tukey test. The probability
level of p < 0.05 was considered significant. Minitab 17.1.0 software (MINITAB®, 2016 —
Pennsylvania, USA) was used in order to perform the statistical tests, and Microsoft Excel

(Microsoft Office, 2020) was used to generate the graphics.

3 RESULTS AND DISCUSSIONS

3.1 Impact of Pretreatment on the Sludge Characteristics

The purpose of the pretreatment methods applied was to solubilize the sludge and,
consequently, enhance the hydrolysis step of the anaerobic digestion. Pretreatment has a
potential for transforming the WAS into a more readily digestible substrate, which is beneficial
for both the digestion rate and methane production.

Table 9 shows the characterization of untreated and pretreated WAS. Comparing the
samples, the amounts of tCOD sCOD, TKN, NH3-N and P showed a significant increase due
the solubilization promoted by the pretreatment. This increase varied from 1.4 to 1.6 times for
tCOD, 8 to 10 times for sCOD, 10 times for TKN and 3.5 times for P. For NH3-N, an average
content of 37 mg/L was found in pretreated samples, while it was undetected in the raw sludge.
Similar results were reported by Bayr et al. [1] (thermal pretreatment) and Wood et al. [14]
(thermal and alkaline pretreatment) for the solubilization of organic matter, and by Lin et al.
[25] (alkaline pretreatment) and Elliot and Mahmood [13] (mechanical pretreatment) for the
solubilization of nutrients. All of these authors were testing pretreatments on pulp mill WAS.

In contrast to our study, Park er al. [4] obtained a reduction in the tCOD content after
the pretreatment, possibly due to the loss of volatile components. The authors tested alkaline
and ultrasound methods for pretreatment of WAS from a bleached chemi-thermo-mechanical
pulp and thermo mechanical pulp mills. In our study, all pretreatments were carried out in a
closed reactor with headspace flushed with nitrogen gas to exclude oxygen and prevent any
oxidation of the organic compounds. This technique avoids the loss of organic matter and,
consequently, the loss of feedstock for methane production. Nevertheless, Park et al. [4] also
found an improvement in sCOD after pretreatment, with an increase in sSCOD/tCOD of 3 to 5

times. In most studies, sCOD increased after pretreatment; for example, more than 1.6 times



after electrohydrolysis [26] and more than 20-fold after thermal pretreatment using kraft mill

WAS [14].

Table 9. Characteristics of raw and pretreated waste activated sludge from a bleached kraft

pulp mill
Parameters Sample
Raw The-01 The-02 TheAlk-01 TheAlk-02
tCOD (mg/L) 7,549+173 ¢ 10,823+£552 b  11,037£198 b 11,091£767 b 12,074+615 a
sCOD (mg/L) 1,112422 4 10,729+492 ab  9,368+336 ¢ 10,321+647 b 11,456+£743 a
TKN (mg/L) 2942 b 3056 a 30945 a 3102 a 30941 a
NH;-N (mg/L) un @ 33+£3 b 3782 a 39+2 a 39+l a
P (mg/L) 191 b 651 a 662 a 672 a 6712 a
VS (g/g sample) 0.35£0.001 d  0.41£0.01 ¢ = 0.43+£0.006 ab 0.42+0.003 b  0.44+0.003 a
Cellulose (% TS) 30.57£1.14a 32.89+2.09a  31.93+287a 32.87+1.67a 32.67x1.98a
Hemicellulose (% TS) 5.87+0.11 a 2.544£0.54 b 2.144£0.52 b 2.3940.18 b 2.2240.17 b
Lignin (% TS) 21.98+2.78a 1691£2.96b  16.18+222 b 15.84+2.04b 14.19£2.10D
Theoretical CH4 yield
(mL CHy/gVS) 211 359 360 378 376

tCOD: total chemical oxygen demand; sCOD: soluble chemical oxygen demand; TKN: total Kjeldahl nitrogen;
NH;-N: ammonia-nitrogen; P: phosphorus; VS: volatile solids

(D undetected

Means that do not share a letter in the same line are significantly different, considering 95% confidence

Cellulose content showed a slight increase of 1.04-1.08 times in pretreated WAS.
Simultaneously, a decrease in hemicellulose content was observed. Chang and Holtzapple [27]
postulated that alkali treatment releases hemicellulose as oligomers sensitive among the
lignocellulosic compounds, with the reaction of the side groups of hemicellulose occurring first,
followed by the hemicellulose backbone [28,29,30]. For P&P sludge, temperatures above 150
°C are suggested, which particularly improve the hydrolysis of hemicellulose [31,32]. The same
behavior was shown by Bayr et al. [1] after thermal pretreatment, and by Veluchamy et al. [26]
after electrohydrolysis pretreatment, with an increase in cellulose and a decrease in the
hemicellulose content. Also, Lin et al. [33] found a degradation rate of hemicellulose of around
50% after pretreatment using P&P sludge, similar to our results.

According to Houfani ef al. [34], pretreatment helps to eliminate the lignin, the most
recalcitrant component of the lignocellulosic biomass, making that biomass more suitable for
anaerobic digestion. In fact, lignin content decreased after all pretreatments to between 7 and
11%. Hendriks and Zeeman [31] reported lignin solubilization around 160 °C; however, high
temperatures can lead to the formation of a significant amount of inhibitive phenolic
compounds. Lower temperatures have the drawback of requiring longer retention time,
although this can prevent the formation of the phenolic compounds from lignin. However,

temperatures up to 190 °C [1,35] have already been tested for thermal and thermal-alkaline
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P&P WAS pretreatment, without inhibition in the anaerobic process due to lignin
decomposition.

Theoretical CH4 yield, calculated using the Buswell equation, was improved in all
pretreatments tested. Pretreatment increased the potential methane production by at least 100
mL CH4/gVS, when compared to the raw sample. The best theoretical methane production was
achieved with thermal-alkaline pretreatment, with results between 376-378 mL CH4/gVS.

Statistically, the major impact of pretreatment was noticed for tCOD, sCOD, TKN, P,
VS, hemicellulose and lignin, with emphasis on sample TheAlk-02 (175 °C for 15 min at pH
12). Despite the increase after pretreatment, there are no statistical differences for cellulose

content.

3.2 Effects of Pretreated Sludge on the Anaerobic Digestion Process

For all BMP tests, the initial pH was adjusted close to 9.0 in order to maintain the same
conditions at the beginning of the digestion processes (Table 10). A slight pH drop was
expected, due to the production of volatile fatty acids by the acidogenic microorganisms, which
are not consumed by the methanogenic microorganisms at the same rate, resulting in an
accumulation of acid [36]; if a large decrease in pH occurs, critical levels can be reached which
are harmful to the methanogenic process. The presence of nitrogen, especially ammonia
(ammonium bicarbonate), helps to prevent the acidification due to its buffering capacity
[37,38]. In this study, the final pH remained close to neutral, indicating that there was no
excessive process of acid accumulation, which reinforces the suitability of the substrate to the
anaerobic digestion process. Similarly, other studies have shown a small drop in the initial pH
value, with a final pH of 7.5-8.0 [39,40]. Steinmetz et al. [39] also emphasized that a constant
pH in the reactor indicated stability of the inoculum, which is crucial for the consistency of the
BMP assays.

A high removal of tCOD was observed, from 44.80% (raw) to 57.87-61.87% with
samples receiving thermal pretreatment and 73.76-75.72% with samples receiving thermo-
alkaline pretreatment. Paranhos et al. [40] achieved a tCOD removal of 30.67% to 93.25%
when testing different lignocellulosic biomasses, showing that the COD removal efficiency
depends on the type of biomass, as well as the food-to-inoculum (F/I) ratio. Dinh and Le [41]
showed a COD removal efficiency of 51% after 35 days of digestion using sewage sludge with
an initial value of 13,256-16,435 mgCOD/L, demonstrating the capacity of anaerobic digestion

to reduce high amounts of organic matter.
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Table 10. Characteristics of raw and pretreated waste activated sludge from kraft pulp mill after
BMP tests

Parameters Sample
Raw The-01 The-02 TheAlk-01  TheAlk-02
Initial pH 9.05a 9.03 a 9.0l a 9.07 a 9.04 a
Final pH 6.62 ¢ 7.24 b 7.27 b 7.43 ab 7.55a
tCOD removal (%) 44.80 e 57.87d 61.87 ¢ 75.72 a 73.76 b
Cellulose (% TS) 12.98 a 8.53b 7.03 ¢ 6.62d 6.52d
Hemicellulose (% TS) 3.84a 1.82b 1.71 be 1.45 cd 1.34d
Lignin (% TS) 17.64 a 11.87 bc 11.28 ¢ 12.14 b 11.51 be

tCOD: total chemical oxygen demand; TS: total solids
Means that do not share a letter in the same line are significantly different considering 95% confidence

The cellulose and hemicellulose content in the digestate were reduced when comparing
the pretreated sludge to the raw sludge. As described by Hendriks and Zeeman [31],
temperatures above 150 °C promote the solubilization of the lignocellulosic compounds. For
cellulose, reactions with Na* can cause decrystallization, decreasing the resistance and making
it more suitable for hydrolysis [31,42]. In our study, the cellulose content varied from 30.57%
TS (raw sludge prior to AD) to 12.98% TS (raw sludge after AD) and 6.52-8.53% TS (pretreated
sludge after AD), which means a reduction of 58-79%. Similar results were reported by Lin et
al. [33], with a degradation efficiency for cellulose of 75-85% after the AD stage using
biologically pretreated P&P sludge, and by Paranhos et al. [40], using a different lignocellulosic
biomass, with a cellulose degradation efficiency of 93%.

For hemicellulose, it has been described that during thermal processes a part of it is
hydrolyzed and forms acids, and then these acids are assumed to catalyze the further hydrolysis
of the hemicellulose [43]. In our study, the hemicellulose content varied from 5.87% TS (raw
sludge prior to AD) to 3.84% TS (raw sludge after AD) and 1.34-1.82% TS (pretreated sludge
after AD), representing a reduction of 35-77%. This result is partially superior to that found by
Paranhos et al. [40], testing a different lignocellulosic biomass, with a maximum hemicellulose
removal of 51.80%, and to the results shown by Lin et al. [33], who showed a hemicellulose
removal of 72% for P&P mill sludge.

Lignin content showed a reduction from 21.98% TS (raw sludge prior to AD) to 17.64%
TS (raw sludge after AD) and 11.28-12.14% TS (pretreated sludge after AD), which represents
a lignin removal of 20% for raw sludge and 45-49% for pretreated sludge after the AD stage.
These lignin removal results are higher than those reported by Lin et al. [33], who found a
removal of 36% using a microbial consortium to pretreat the P&P mill sludge. This suggests
the importance of temperature in the solubilization of lignin, as mentioned by Hendriks and

Zeeman [31].
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3.3 Methane Production

BMP assays were performed in order to measure the real methane production with both
raw and pretreated P&P mill WAS. The partial and cumulative methane production rates are
presented in Table 11 and Figure 8, respectively. These results show that methane production
started slowly and increased from day 5. This first period is characterized by the biomass
adaptation, and the initial breakdown of insoluble substrates is performed by the hydrolytic
bacteria. Similarly, Spence et al. [44] measured the initial period (called the “lag phase”)
between 0 (waste yeast) and 6.8 days (triticale) when analyzing 29 different organic materials.
The major methane production occurred during days 11-20, approximately 60% of the total
production for all the samples analyzed. Raw sludge started its methane production more
slowly, and also achieved the production decay more quickly, demonstrating the major

difficulty of the biomass for degrading the substrate under these conditions.

Table 11. Partial methane production for days 1-5, 6-10, 11-15, 16-20, 21-25 and 26-30 in BMP
tests with raw and pretreated waste activated sludge from kraft pulp mill
Methane yield (mL CH4/gVS)

Sample days1-5  days 6-10  days11-15 _ days 16-20 __ days 21-25 ___ days 26-30
Raw 4 19 21 28 14 4
The-01 1 23 45 62 33 7
The-02 13 25 47 60 36 13
TheAlk-01 14 26 51 70 36 7
TheAlk-02 14 24 49 7 35 9
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Figure 8. Cumulative methane production from BMP assays of kraft pulp mill waste activated
sludge.

After 30 days of testing, the cumulative methane production was 90 mL CH4/gVS
(Raw), 181 mL CH4/gVS (The-01), 194 mL CH4/gVS (The-02), 204 mL CH4/gVS (TheAlk-
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01) and 203 mL CH4/gVS (TheAlk-02). In comparison with the theoretical methane production
(Table 9), the influence of pretreatment on the improvement of the methane production rate is
clear. For raw sludge, the methane production reached 43% of its theoretical potential, but for
the pretreated sludge the methane production increased to 50-54% above its maximum
potential. The higher methane production achieved with the pretreated samples can be
explained by the higher levels of soluble organic matter, which the microorganisms were able
to use immediately. Hydrolysis is probably the limiting step of the AD process, as suggested
by other authors [45,46]; by increasing COD solubility, thermal and thermal-alkaline
pretreatments enhanced the hydrolysis, providing a greater amount of substrate for downstream
microbial metabolism.

Approximately 80% of the total methane production was achieved within the first 20
days of testing, that is, 73 mL CH4/gVS (Raw), 141 mL CH4/gVS (The-01), 146 mL CH4/gVS
(The-02), 161 mL CH4/gVS (TheAlk-01) and 160 mL CH4/gVS (TheAlk-02). From this
information, two conclusions may be drawn: i) methane production from the raw sludge
corresponded to just 50% of that achieved using pretreated WAS; ii) in a 20-day test, the
pretreated samples produced more methane than the raw sludge did during 30 days of testing.
These results are better than those shown by Lin et al. [33], who achieved 76% of the total
methane within the first 25 days, using P&P mill sludge pretreated by a microbial consortium.
According to those authors, pretreatment could significantly shorten the digestion period by
increasing the daily methane production rate, which is important for high productivity in full-
scale anaerobic digestion plants.

Using untreated WAS from the same pulp mill, Lopes et al. [6] achieved only 47 mL
CH4/gVS in BMP assays after 30 days, where the methane production reached just 11.2% of
the theoretical potential. This difference may have been caused by the operating conditions: the
F/1 ratio of 1 gV Ssubstrate/gV Sinoculum in our research versus 2 gV Sgubstrate/€V Sinoculum adopted by
Lopes et al. [6], and a BMP incubation temperature of 35 °C in our research versus 55 °C used
by Lopes et al. [6]. This demonstrates the importance of the operating parameters, which also
greatly influence the results.

Despite the significant improvement provided by the sludge pretreatment, the results
also revealed that the biodegradability of WAS from P&P mills is inferior to that of sewage
sludge. Donoso-Bravo et al. [47] achieved a methane production of more than 300 mL CH4/gVS
after 20 days of lab tests using sewage sludge pretreated with a hydrolysis reactor connected to
a flash tank. The authors explained that the stable woody substrates of P&P WAS, including

cellulose and lignin, may be responsible for the low biodegradability when compared with
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sewage sludge. Nevertheless, the results are superior to those reported for other organic
materials, such as: peanut shells (84-157 mL CH4/gVS), coffee husks (116-155 mL CH4/gVS)
[40], fresh 4190 grass and silage (125-186 mL CH4/gVS) [48] and grape marc (19-64 mL
CH4/gVS) [49]. Table 12 shows the comparison with other studies, where it is demonstrated

that pulp mill WAS is a promising substrate for methane production.

Table 12. Biochemical methane potential (BMP) for different organic materials

Theoretical Experimental
Pretreatment conditions Substrate BMP BMP Ref.
(mL CH4/gVS) (mL CH4/gVS)
Raw Pulp mill WAS 211 90 This
study
Thermal conditions Pulp mill WAS 359-360 181-194 S{f&;
Thermal-alkaline conditions Pulp mill WAS 376-378 203-204 sy
Raw Pulp mill WAS 519 47 [6]
Raw Pulp/paper mill WAS - 66 [46]
Thermal: 80-134 °C, 20-120 min  Pulp/paper mill WAS - 60-124 [46]
Raw Pulp/paper mill WAS - 180 [1]
Thermal: 70-150 °C, 10-40 min ~ Pulp/paper mill WAS - 112-134 [1]
Raw Rice straw - 123-270 [40]
Raw Corn cob - 132-291 [40]
Raw Peanut shell - 84-157 [40]
Raw Coffee husk - 116-155 [40]
Raw Fresh 4190 grass - 129-186 [48]
Raw Silage 4190 grass - 125-181 [48]
Raw Organic waste (fresh) - 75 [50]
Raw Organic waste (1 ) 105 [50]
year)
Raw Grape marc - 19-64 [49]
Raw Textile sludge - 117-244 [51]
Raw Cattle manure 537 202 [52]
Raw Milled apple waste 514 297 [52]
Raw Corn leachate - 106 [53]
Raw Switchgrass - 122 [53]
Raw Manure:switchgrass - 208 [53]
Raw Meat pasta - 216 [53]
Manure:potatoes
Raw 7595 - 228 [53]
Raw Vinegar residue 473 183-243 [54]
Raw Sewage WAS - 206 [47]
Steam explosion: 170 °C, 8 bars, Sewage WAS ) 304-324 [47]
0-30 min

From an economic standpoint, and considering that kraft mills usually have sources of
heat energy (high-pressure steam generated in the recovery boiler) and alkalinity (NaOH used
in the wood digesters), the anaerobic process represents a new way to manage WAS with the
following advantages: i) a reduction of disposal costs and an environmentally -friendly

destination for the sludge (waste); ii) the production of clean and renewable energy; iii) an
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increase in the amount of electrical energy that can be sold or used in the mill; iv) the provision
of power for pumps, sludge dewatering, turbo aerators and other equipment, making the effluent
treatment plant self-sufficient in terms of energy.

Moreover, our results suggest that thermal-alkaline pretreatment at pH 11 is sufficient
for a satisfactory solubilization for methane production. If the economy in adopting pH 11
instead of pH 12 is negligible on a laboratory scale, in large-scale operations the savings can be
significant. Considering the total WAS generated by the mill, estimated at 3360 m?/d, the total
amount of NaOH necessary to achieve pH 11 is 4620 kg NaOH/d, versus 5208 kg NaOH/d to
achieve pH 12, a difference of almost 600 kg NaOH/d. Since, until now, the studies only
focused on pH 12 for alkaline and thermal-alkaline pretreatments [e.g., 1,14], our results show
an important improvement for making pretreatment followed by anaerobic digestion suitable

and economically advantageous for P&P mills.

4 CONCLUSION

Thermal and thermal-alkaline methods for pretreating kraft pulp mill sludge showed an
effective solubilization of WAS, required in order to accelerate the hydrolysis phase in the
anaerobic digestion process, and also to successfully increase the methane yield and methane
production rate. A considerable increase in COD, TKN, NH3-N and VS was demonstrated.

Pretreatment increased both the production rate and yield of methane. After 30-days of
testing, the results showed an increase from 90 mL CH4/gVS (raw sludge) to 181-204 mL
CH4/gVS (pretreated sludge). Approximately 80% of the total methane was produced in the
first 20 days of testing, showing a great improvement for full-scale implementation due to the
reduction of the required hydraulic retention time. Thermal-alkaline conditions showed the
highest WAS solubilization, and also the best methane yield at operating conditions of 175 °C
for 15 min at pH 11.

Along with this pretreatment, the operating conditions of anaerobic digestion (F/I ratio,
temperature, etc.) also seem to influence methane production. Therefore, the use and
optimization of a pretreatment phase is recommended, as well as the optimization of the

anaerobic digestion operating conditions in order to allow its use in the P&P industry.
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CONCLUSOES GERAIS E RECOMENDACOES FINAIS

A digestdo anaerdbia de lodo secunddrio proveniente de fabricas de P&P, otimizada pela
solubilizacao prévia promovida pelo pré-tratamento, mostra-se como uma op¢ao a ser avaliada
para o gerenciamento de tais residuos.

O elevado niimero de artigos publicados nesta temdtica demonstra o interesse da
comunidade cientifica e da inddstria no aprimoramento da tecnologia anaerdbia para tratamento
dos lodos. Os resultados, apesar de discrepantes, sdo promissores € encorajam a continuidade
do avanco cientifico por meio do desenvolvimento de novas pesquisas.

Com base nos parametros avaliados, os métodos mecanico, térmico e térmico-alcalino
promoveram a solubilizacdo da matéria organica, notadamente da DBOs, DQOs e nutrientes
(nitrogénio e fosforo). Como reflexo, o potencial tedrico de producdo de metano também
apresentou elevacao, dando o primeiro indicativo do efeito positivo do pré-tratamento quando
se almeja o incremento na producdo de metano.

Em testes em bancada que simulam a digestdo anaerdbia, foi possivel demonstrar o
aumento real na produ¢do de metano ocasionado pela aplicacdo do pré-tratamento. Além do
aumento da geracdo total de metano, foi possivel demonstrar o adiantamento da curva de
producdo, ou seja, os efeitos da solubiliza¢do prévia do lodo também se dio na aceleracdo do
processo de geracdo de biogas.

Os efeitos do pré-tratamento incidem sobre a etapa inicial da digestdo anaerdbia,
caracterizada pela hidrélise da matéria organica complexa por meio da ac¢do de enzimas
extracelulares excretadas por bactérias estritamente anaerdbias, suprindo os substratos
necessdrios as bactérias acidogénicas. Quando a matéria organica presente ¢ complexa e de
dificil degradacdo, a hidrdlise tem grande importancia na velocidade global de degradacao,
podendo ser considerada como etapa limitante da velocidade da digestdo anaerobia. Os ganhos
na produgdo total de metano e na aceleracdo do processo sdo explicados justamente pelo fato
de que o pré-tratamento causa a quebra dos complexos organicos, conforme demonstrado nos
testes de solubilizacao.

Para um entendimento mais profundo do processo, recomenda-se a execugdo de testes
em escala piloto, visando estudar varidveis importantes ao processo, Como a carga organica
volumétrica inicial, a alcalinidade e a geracdo de acidos organicos. Além disso, levanta-se a
importancia do aprofundamento dos efeitos do pré-tratamento no desenvolvimento da
microbiota anaerdbia, sendo de interesse a realizacdo de testes em escala molecular para

caracterizacdo e quantificacio dos grupos de interesse.
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APPENDIX A

Table S1. Results of estimating single-stage and high-rate anaerobic digester volume and
performance considering pretreated and raw waste activated sludge from a kraft pulp mill
Pretreated sludge Raw sludge
5(1;)T (m?/ " (IYS) S S P« VCH: S S Px  VCHq
(kg/d)  (kg/d)  (kg/d) (m¥d) (kg/d)  (kg/d) (kg/d) (m¥/d)

considering 100% of the surplus activated sludge treated via anaerobic digestion

8 26880 609 2912 130 621
10 33600 581 2952 124 629
12 40320 555 2989 118 637
14 3360 47040 13490 4047 532 3022 2876 863 113 644
16 53760 510 3052 109 651
18 60480 491 3081 105 657
20 67200 472 3107 101 662
considering 75% of the surplus activated sludge treated via anaerobic digestion
8 20160 457 2184 97 466
10 25200 436 2214 93 472
12 30240 417 2241 89 478
14 2520 35280 10118 3035 399 2266 2157 647 85 483
16 40320 383 2289 82 488
18 45360 368 2311 78 493
20 50400 354 2330 75 497
considering 50% of the surplus activated sludge treated via anaerobic digestion
8 13440 305 1456 65 310
10 16800 291 1476 62 315
12 20160 278 1494 59 319
14 1680 23520 6745 2024 266 1511 1438 431 57 322
16 26880 255 1526 54 325
18 30240 245 1540 52 328
20 33600 236 1553 50 331

SRT: solids retention time; Q: sludge flowrate; Vq: anaerobic digester volume; So: BOD ultimate in influent; S:
BOD ultimate in effluent; Py: net mass of cell tissue produced per day; V CHa: volume of methane produced at 35
°C



Table S1. Results for Ryan-Joiner Normality Test for Total (tCOD) and Soluble (sCOD)
Chemical Oxygen Demand, Biochemical Oxygen Demand (BODs), Total Phosphorus (P),

APPENDIX B

Total Kjeldahl Nitrogen (TKN) and Ammonia-Nitrogen (NH3-N)

Source of variation | Mean | StDev | N RJ | p-value
tCOD 10,103 | 1,205 | 99 | 0.991 | > 0.100
sCOD 8,902 | 1,918 | 99 | 0.906 | <0.010
BOD;s 2,615 | 412 | 99 |0.777 | <0.010

P 63.56 | 8.058 | 102 | 0.597 | <0.010
TKN 297.7 | 48.51 | 102 | 0.565 | < 0.010
NH3-N 33.56 | 9.005 | 102 | 0.755 | <0.010

Table S2. Statistical Results for Total (tCOD) and Soluble (sCOD) Chemical Oxygen
Demand and Biochemical Oxygen Demand (BODs)

Pretreatment tCOD (g/L) ¥ sCOD (g/L) ® | BODs (g/L) @
Raw sludge 7.5540.17 %, 1.11£0.02 ', ] 0.57+0.03 >,
M: 990 kJ 8.43+£0.07°%¢,, | 7.3020.11 ', |2.43+0.10*%
M: 1980 kJ 8,747+85 %7, 7.39£0.08 ¢, | 2.60+0.07 % .4
M: 3960 kJ 9.1240.323% 1) | 7.5040.13 1724, | 2.5740.12 4% ey
T: 150 °C, 15 min 8.8140.17 9%, | 7.331+0.152%7, | 2.56+0.22 39,
T: 150 °C, 30 min 9.13+0.37 *% ;| 7.7520.16 2% 4, | 2.68+0.08 >0,
T: 150 °C, 60 min 10.2240.57 °°% ge | 10.40£0.30 293 4 | 2.7720.18 *2
T: 175 °C, 15 min 10.5740.77 7% peae | 9.6640.20 204 4 | 2.3440.07 301
T: 175 °C, 30 min 10.82+0.55 19,04 | 10.73£0.49 *3, | 2.76+0.04 128 ,,
T: 175 °C, 60 min 11.04+0.20 '7° eq | 9.3740.34 38,y | 2.7440.06 297,
T: 200 °C, 15 min 9.78+0.24 >0, | 8.9240.24 27 4. | 2.5240.01 *** 4
T: 200 °C, 30 min 10.07+0.38 373 4oy | 9.3340.29 3144 | 2.64+0.06 >17 ..
T: 200 °C, 60 min 10.80+0.32 2% 0y | 9.7640.33 337 4 | 2.7440.07 273
TA: 150 °C, 15 min, pH 11 | 10.852£0.37 34 peq | 9.2120.42 #9244 | 2.7720.16 78 4
TA: 150 °C, 15 min, pH 12 | 11.35+0.82 72, | 9.8940.86 5% 4. | 2.90+0.13 3,
TA: 175 °C, 15 min, pH 11 | 11.09£0.77 *%%,. | 10.3240.65 7 4 | 2.9440.16 >*!,
TA: 175 °C, 15 min, pH 12 | 12.07+0.62 >, | 11.46+0.74 %43, | 2.89+0.09 *!?,

() compared with Tukey test; ® compared with Dunn test

Mean =+ standard deviation

coefficient of variation

statistical test

Means that do not share a letter are significantly different considering 95% confidence
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Figure S1. Soluble chemical oxygen demand versus total chemical oxygen demand
(sCOD/tCOD) and biochemical oxygen demand versus total chemical oxygen demand
(BODs/tCOD) before and after pretreatment tests

Table S3. Statistical Results for Total Kjeldahl Nitrogen (TKN), Ammonia-Nitrogen (NH3-N)

and Total Phosphorus (P)

Pretreatment TKN NH3-N p®
Raw sludge (soluble) 2942 397, un® 191 >,
Raw sludge (total) 366+7 292, | un® 67+1 2%,
M: 990 kJ 20744 130 0 13241380, | 6341 14,
M: 1980 kJ 3001 948 4 | 32414%°,, | 63£1 0,
M: 3960 kJ 20042 064 .1 3341 423 0 | 6441 176 4y
T: 150 °C, 15 min 29645 199 0 [ 332795 0 | 63422 4
T: 150 °C, 30 min 20745177 0 | 354378 4 | 6341 231 4y
T: 150 °C, 60 min 30745 72 shea | 3542 % pege | 65%1 222 g
T: 175 °C, 15 min 30245 198 er | 3422708 o | 6441 214 40
T: 175 °C, 30 min 305£6 2 poge | 3343 7P 4 | 6541 214 4
T: 175 °C, 60 min 30045 170 e | 3742017 e | 6642 241,
T: 200 °C, 15 min 30146 2% o | 3442015 4 | 6342237 4
T: 200 °C, 30 min 30845 6 e | 3743 7% ppea | 6542 22 4y,
T: 200 °C, 60 min 30047 21 e | 3742°% 4 | 6642 220,
TA: 150 °C, 15 min, pH 11 | 3074 "7 5 | 3942401 | 6522 2 spcde
TA: 150 °C, 15 min, pH 12 | 310£2 %% ,, | 394134, | 6642 23,
TA: 175 °C, 15 min, pH 11 | 310£2 %6, | 3942 4% ), | 674223,
TA: 175 °C, 15 min, pH 12 | 309+1 %38 ;, | 39+1 3°1 ,, | 6742248,

(1 compared with Dunn test; ® undetected

Mean # standard deviation

coefficient of variation

statistical test

Means that do not share a letter are significantly different considering 95% confidence



