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Abstract

Maize Cob Waste (MCW) is available in high amounts, as maize is the most
produced cereal in the world. MCW is generally left in the fields despite its
negligible impact in soil fertility. It can be used as substrate in Anaerobic co-Di-
gestion (AcoD) and as precursor to produce Activated Carbons (ACs). In this
context, a biorefinery concept was developed based on two purposes: 1) the pre-
treated MCW can be valorised as co-substrate in the AcoD with Organic Fraction
of Municipal Solid Wastes (OFMSW), and 2) MCW can be used as a precursor of

ACs for biomethane (bioCHjy) conditioning.

The AcoD of OFMSW with chemically pre-treated MCW in presence of
H>0, at23°Cincreased the biogas and CHjy yields by 65% and 48%, respectively,
when compared to AD of standalone OFMSW., providing higher biogas quality
and a more stable AcoD process than with non-pre-treated MCW.

Among the ACs produced, the physically MCW(PA)3h AC performed bet-

ter in HpS removal than commercial and impregnated by liquid digestate ACs.
Textural properties seemed to be more important than the mineral content for

HjS removal and the presence of O, on MCW(PA)3h surface may have favoured
H>S catalytic oxidation.

The MCW(PA)3h AC was also the most suitable candidate for CO; separa-
tion due to its more favourable textural properties, sufficient selectivity and
higher working capacity than the others ACs produced. The adsorption  equi-
librium measurements of CO, and CH, showed that the Sips isotherm model and
the Adsorption Potential Theory (APT) can be confidently employed to correlate
the experimental data, as well as the axial dispersed plug-flow and Linear Driv-
ing Force (LDF) model is able to correlate the fixed bed experimental data.

The environmental Life Cycle Assessment of a biorefinery case study was
performed on the hypothesis of implementing, at an existing Portuguese
Anaerobic Digestion plant processing OFMSW, (i) an AcoD unit using MCW as
co-substrate; (ii) an H»S unit using MCW(PA)3h as adsorbent, and (iii) a Pressure

Swing Adsorption (PSA) upgrading unit. The cogeneration of the biogas pro-
duced during AcoD with non-pre-treated MCW is more sustainable than with
pre-treated MCW. The environmental impacts associated with biogas upgrading

to bioCHy at optimized HjS adsorption capacity of MCW(PA)3h, if fossil natural

gas used for the OFMSW transport is substituted by the produced bioCH, de-
creased significantly, giving lower impacts than cogeneration in five categories.

Keywords: Activated Carbon, Anaerobic Digestion, Biorefinery, Biogas Up-
grading to Biomethane, Maize Cob Waste, Pre-treatment
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Resumo

O carolo de milho (CM) estd disponivel em grande quantidade, sendo o mi-
lho o cereal mais produzido no mundo. O CM geralmente é deixado no solo como
ferilizante, apesar do seu impacto ser negligivél. O CM pode ser valorizado tal
como co-substrato no processo de codigestdo anaerébica (co-DA), tal como pre-
cursor na producdo de carvao ativado (CA). Com base nestas premissas, foi de-
senvolvido um conceito de bio refinaria, onde o CM é usado para a produgéo de
CA e como co-substrato na co-AD com a Fragdo Organica de Residuos Sélidos
Urbanos (FORSU) para produzir bioCH..

A co-DA de FORSU com CM quimicamente pré-tratado na presenca de H.O,
a 23 °C aumentou o rendimento de biogds e CH., em 65% e 48%, respetivamente,
em comparagdo com a DA de FORSU. O biogds obtido foi de melhor qualidade
e 0 processo de co-DA mais estdvel do que com CM sem pré-tratamento.

Entre os carvdes produzidos, o CA ativado fisicamente MCW (PA)3h teve
um desempenho melhor na remocdo de H.S do que o CA comercial e do que os
impregnados com digerido liquido. As propriedades texturais pareceram ser
mais importantes do que o seu conteido mineral para a remocgéao de H.S e a pre-
senca de O, na superficie do CA pode ter favorecido a oxidacao catalitica do H.S.

O carvao ativado MCW (PA)3h foi também o melhor candidato para a se-
paracdo de CO. do biogds, devido as suas propriedades texturais favoraveis, se-
letividade e capacidade de adsorgdao. O modelo isotérmico de adsorcao de Sips e
a Teoria do Potencial de Adsorg¢do (TPA), revelaram-se adequados para correla-
cionar os dados experimentais de equilibrio de adsor¢ao. O modelo de fluxo axial
disperso e LDF podem ser usados para correlacionar os dados experimentais de
rutura em leito-fixo.

A Analise de Ciclo de Vida de uma biorefinaria como caso de estudo foi
realizada considerando a hipé6tese da sua implementagdo, numa unidade Portu-
guesa ja existente de DA que processa FORSU, de (i) uma unidade co-AD usando
CM como co-substrato; (ii) de uma unidade de adsor¢do de H.S usando
MCW(PA)3h como adsorvente; e (iii) de uma unidade de PSA para condicionar
o biogds a bioCH.. A cogeracdo do biogds produzido durante a co-DA de FORSU
com CM néo pré-tratado é mais sustentavel do que com CM pré-tratado. Se o géds

natural féssil usado para o transporte de FORSU for substituido pelo bioCHy
produzido, em condi¢des otimizadas de adsor¢do de HaS pelo MCW(PA)3h, os

impactos associados ao condicionamento a bioCH. diminuiram significativa-
mente, mostrando impactos inferiores a cogeracdo em 5 categorias de impacto.

Palavras-chave: Carvao ativado, Digestdo Anaerdbica, Biorrefinaria, Con-
dicionamento de biogds a bioCH,, Carolo de Milho, Pré-tratamento
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List of Symbols

A B C,D parameters of the Wagner equation
b, bo, beo parameters of Sips isotherm, 1/bar
G concentration of solids or COD, g/L or mg/O>/L, and

concentration of component { in the gas phase, mol/m?

Co concentration of the inlet gas, ppmv or mol/ m?
C concentration of the outlet gas at time t, ppmv or mol/ m?
Dj1, axial dispersion coefficient, m?/s

D; diffusivity coefficient, m?/s

Do parameter

E adsorption activation energy, KJ/mol

F gas flow rate, cm?®/min or m®/s

HRT hydraulic retention time, d

L bed length, m

m mass, g or kg

M, molecular weight, mg/mol or g/mol

n, ng parameters of Sips isotherm

OLR organic load rate, g VS/L.d

P Pressure, bar, Pa

P Critical pressure, bar or Pa
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gi

s

qs0

qH2S

qt

Qi

QS/ AHI

tCOD

Xiv

Peclét number

partial pressure of component i, bar
saturation pressure, bar or Pa

concentration of component i in the adsorbed phase, mol/ kg

concentration of the component i at saturation in the adsorbed
phase— monolayer coverage, mol/kg

concentration of the component i at saturation in the adsorbed
phase at the reference temperature To, mol/kg

concentration of HS in the adsorbed phase, mg/g

total concentration of component i in the adsorbed phase,
mol/kg

heat of adsorption of component i, J/mol
isosteric heat of adsorption of component i, ]/ mol
universal gas constant, ] /mol.K

mean pore radius, m

particle radius, m

BET surface area, m?

soluble chemical oxygen demand, mgO,/L
temperature, K or °C

time, s or min or h or days

time breakthrough, s or min
critical temperature, K

total chemical oxygen demand mgO,/L



TS total solids, g/L
U interstitial fluid velocity, m/s
\% volume, m° or L (STP)
% molar volume, cm®/mol
\% superficial fluid velocity, m/s or cm/s
Vi ms)lar V(3)1ume of the liquid adsorbate at the normal boiling
point, m”/mol
Vi adsorbed-phase molar volume, m?/mol
Vimneso mesopore volume, cm>/g
VS volatile solids, g/L
Viotal total pore volume, cmd/ g
Zra Rackett compressibility factor
w volume of the adsorbed phase, cm®/g
Ws, Vimicro micropore volume, cm?®/ g
Xi mole fraction of component i in the adsorbed-phase
i mole fraction of component i
Greek Symbols
1, removal removal efficiencies of VS, TS, tCOD, and sCOD, % w/w
1, biogas or methane efficiency production, g VS/d
¢ adsorption potential, bar m?/mol
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Y

a removal

v

&

affinity coefficient

parameter of Sips isotherm

lignin, hemicellulose, cellulose removals, % w/w
parameters of D-A equation

total voidage

interparticle porosity or (external) void fraction of packing
intraparticle porosity

fractional loading (q/4s)

bulk density, kg/m

particle density, kg/m

carbon matrix density, kg/ m

tortuosity factor

thermal expansion coefficient, 1/K

Subscripts

XVi

normal boiling point
critical conditions
excess adsorption
component i

saturated conditions
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Introduction

The management of bio-wastes has become a critical issue in terms of global
warming and contamination of natural resources.

Anaerobic Digestion (AD) offers the opportunity to produce biogas from
organic waste (Liu et al., 2015). Biogas can be upgraded to a higher methane con-
tent (>97% v/ v), so that it can resemble the quality of natural gas (NG). The bio-

methane (bioCHy) produced is then suitable for grid injection, or to be used as

transportation fuel, thus being economically more profitable than the direct bio-
gas combustion. Also, it can contribute to satisfy the increasing demand of re-
newable fuels (EBA, 2015).

Two types of wastes are quite suitable to AD: they are the Organic Fraction
of Municipal Solid Waste (OFMSW) and Maize Cob Waste (MCW).

OFMSW is produced worldwide in high amounts. Assuming that about
40% of municipal waste is bio-waste, in 2017 were produced in Europe approxi-
mately 195 kg / per capita, with an estimated total amount of 140 million tons per
year of OFMSW (Eurostat, 2019).

Maize is one of the most important crops worldwide with a total produc-
tion, in 2018, of around 1060 million tons (IGC - International Grain Council,
2018). For 1 kg of dry corn grains, about 150 g cobs are generated (Zhang et al.,
2012), which resulted by the end of 2018, in approximately 159 million tons of
corn cobs.

Maize generates residual stover (leaves, stalks and maize cob) that are
usually left in the field as natural fertilizers (] Zheng et al., 2014). Unlike to stover,
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standalone Maize Cob Waste (MCW), due to its low biodegradability, has a
negligible impact on soil carbon content and its removal can increase the maize
yield (Jeschke and Heggenstaller, 2012).

MCW is sometimes harvested as feedstock for full-scale production of
ethanol and xylitol (Wang et al., 2012a), furfural (Li et al., 2014a) and activated
carbon (Hou et al., 2013). However, the potentially available MCW worldwide
exceeds the current industry and market capacities to process it (Gu et al., 2014).

The OFMSW is enriched in proteins and lipids and is poor in carbohydrates.
Its anaerobic biodegradation is not well balanced, and the lack of carbohydrates
can lead to ammonia accumulation that is detrimental for methanogenesis. The
use of MCW as co-substrate can balance the C:N ratio towards the optimal range,
stabilizing AD process and enhancing biogas yield (Lapa et al., 2017).

Currently, most of the European biogas plants that process maize residues,
use as co-substrate maize silage that is composed by all the maize plant (leaves,
stalks and corn). The silage is produced as an energy crop that affects negatively
the availability of arable lands for food production. When MCW is harvested
separately from grains, it can be used as carbon source in an Anaerobic co-
Digestion (AcoD) process without any significant impact on feed or food chains.

MCW, as a lignocellulosic biomass, is mainly composed of cellulose, hemi-
cellulose and lignin, that are embedded together in a complex matrix (Menon
and Rao, 2012). Cellulose and hemicellulose are polysaccharides fermentable
after hydrolysis, while lignin, a complex aromatic and hydrophobic amorphous
heteropolymer that acts as cement for the cross-linking between cellulose and
hemicellulose, cannot be degraded during anaerobic digestion (Palmqvist and
Hahn-Hégerdal, 2000). Lignin hinders the digestion of the polysaccharides, re-
ducing the biogas yield (Liu et al., 2015;Xu et al., 2014a). Thus, to use MCW as
substrate for AcoD, lignin must be preferentially removed to expose cellulose fi-
bers and hemicellulose to bacteria attack. The selection of a proper pre-treatment
and its optimization are crucial for the viability of a AcoD process (Budzianowski
and Budzianowska, 2015).

Biogas is composed by 60-70% v /v of CHy and 30-40% v /v of CO;,. Other
compounds can be present in biogas some of them regarded as contaminants
such as H,O (5-10%), H,S (0.005- 2%), halogenated hydrocarbons (VOC) (< 0.6%),
NH; (<1%), O, (0-1%), CO (<0.6%), N5 (0-2%) and siloxanes (0-0.02%) that can be
detrimental in several applications if not removed (Ryckebosch et al., 2011). The

biogas upgrading to bioCH, aims to increase CH, content in the biogas stream
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by separating CO, and trace contaminants, thus enabling its injection in natural

gas (NG) networks or use as biofuels after proper conditioning (Scarlat et al.,
2018).

There are several commercial technologies available for removing CO; from

biogas streams, being the most employed ones scrubbing with water or other
physical solvent, chemical scrubbing, membranes permeation and adsorption-
based processes, such as Pressure Swing Adsorption (PSA)(Grande, 2011).

Among them, PSA is attracting increasing interest for its low energy re-
quirements and limited initial capital investment in comparison with other
separation technologies (Ruthven et al., 1994 and Bauer et al., 2013). Moreover,
PSA can process high throughputs and produce high-purity CHy4 (Esteves and
Mota, 2007).

In a PSA unit for biogas upgrading, an adsorbent is subjected to pressure

changes to selectively adsorb and desorb CO,. The efficiency of adsorption of
CO; depends, among other factors, specifically on (i) the textural properties, (ii)

on the working capacity, (iii) on the CO> selectivity and on (iv) the capability of

the adsorbent material to be regenerated. Thus, the choice of the adsorbent plays
a crucial role in the PSA process efficiency.

This work is part of the Bio-FESS European research project (ERANET-
LAC, Ref. ELAC2014/BEE0367), that is developed by a consortium composed by
different European (German and Portuguese) and Latin-America (Colombian
and Mexican) partners. It aims to study the feasibility of a biorefinery concept
able to valorise low-cost materials, such as MCWs, to produce activated carbons

(ACs) that can be used either to pre-condition and to upgrade biogas to bioCHy

or, at least, to be employed for other applications with higher added value (su-
percapacitors).

The contribution of this work to Bio-FESS Project is illustrated in Figure 1.1
and includes the following Tasks:

e  Task 1: Literature review. This Task provides a bibliographical review of
all the processes involved in the proposed bio-refinery (Figure 1.1). It comes
across (i) the possible pre-treatments for MCW prior to AcoD; (ii) the AcoD
process using MCW as co-substrate; (iii) the production of ACs, using MCW
and liquid digestate as precursors, for the conditioning and upgrading of

biogas to bioCHy, and (iv) an overview on biogas upgrading technologies.
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Task 1 provided the basis for the work plan adopted in the following Tasks
2, 3,4 and 5. The results of Task 1 are reported in Chapter 2. The outputs
of the Task 1 were the peer-reviewed publications:

e Elena Surra, Maria Bernardo, Nuno Lapa, Isabel A.A.C. Esteves, Isabel Fonseca, José P.B. Mota,
Biomethane Production through Anaerobic co-Digestion with Maize Cob Waste Based on a
Biorefinery Concept: A Review, Journal of Environmental Management, 249 (2019) 109351, 21
pp., DOI: 10.1016/j.jenvman.2019.109351

e N. Lapa, E. Surra, I.LA.A.C. Esteves, R.P.P.L Ribeiro, J.P.B. Mota, Production of Biogas and BioH; —
Biochemical Methods, Chapter 15 in Biofuels Production and Processing Technology, Eds. M.R.
Riazi, David Chiaramonti, CRC Press/Taylor & Francis, Boca Raton (USA), October 11% 2017, 690
Pages, ISBN 9781498778930, eBook ISBN: 9781498778947,
https://doi.org/10.1201/9781315155067. Book chapter (review) written by invitation

Task 2: Development of a lab-scale AcoD process using the MCWs as co-
substrate for OFMSW. Selection of the optimal MCWs pre-treatments for
optimization of the AcoD process towards the maximization of biogas pro-
duction was made. The AcoD operating conditions applied at laboratorial
scale were those employed at an industrial biogas plant, located in Lisbon
surroundings, Portugal. The results of Task 1 are reported in Chapter 3. The
outputs of the Task 2 were the publications:

e Elena Surra, Maria Bernardo, Nuno Lapa, Isabel Esteves, Isabel Fonseca, José Paulo Mota., 2018.
Maize cob waste pre-treatments to enhance biogas production through co-anaerobic digestion
with OFMSW. Waste Manag. 72, 193-205 DOI: 10.1016/j.wasman.2017.11.004

e Elena Surra, Maria Bernardo, Nuno Lapa, Isabel A.A.C. Esteves, Isabel Fonseca, José Paulo Mota,
2018. Enhanced biogas production through anaerobic co-digestion of OFMSW with maize cob
waste pre-treated with hydrogen peroxide. Chem. Eng. Trans. 65, 121-126, DOI:
10.3303/CET1865021

Task 3: Production, screening and testing of different activated carbons
(ACs) using MCW and Liquid Digestate (LD), the liquid fraction produced
during anaerobic digestion, as precursors. The produced ACs were

developed both for HS removal during pre-conditioning of biogas and for

consecutive biogas upgrading to bioCHy in a CO; adsorption unit.
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e  Task 4: Assessment of HyS removal capacity from a real biogas stream us-

ing the ACs produced during previous Task 3. The results of Tasks 3 and 4
are reported in Chapter 4. The output of Tasks 3 and 4 was the publication:

® FElena Surra, Miguel Costa Nogueira, Maria Bernardo, Nuno Lapa, Isabel Esteves, Isabel Fonseca,
2019. New adsorbents from maize cob wastes and anaerobic digestate for H2S removal from
biogas. Waste Manag. 94, 136-145, DOI: 10.1016/j.wasman.2019.05.048

. Task 5: Adsorption equilibrium studies of the main biogas components
onto selected ACs produced and tested in the previous Tasks 3 and 4, and
study of the kinetics of the adsorption process. This Task provided the basis
for future design and modelling works of a PSA cycle built on the use of
renewable carbon adsorbents produced from MCW. The results of Task 5
are reported in Chapter 5. A publication with the results obtained in Task 5
is expected as an output and is being prepared.

e  Task 6: Life Cycle Assessment (LCA) of the proposed biorefinery (Figure
1.1), on the hypothesis of implementing a biogas pre-conditioning and up-
grading unit in an existing biogas plant located in Lisbon, Portugal. This
plant is currently processing 40000 ton/year of OFMSW. The biogas up-
grading unit was hypothesized utilizing as the most suitable configuration
among the AD and AcoD tested during Task 2. The biogas pre-conditioning
step was developed on the basis of the results of Task 3 and 4, and on the
literature data available for the removal of other contaminants different

from HjS. The development of the upgrading unit was also based on the

available literature, since the experimental and modelling works developed
in herein were still in an early stage to be used as basis for the development

of a complete PSA cycle for CO; separation. The results of Task 6 are re-

ported in Chapter 6. It is expected that a publication with the results of Task
6 arises as an outcome of this work.

In summary, the work developed has the global aim to provide a
comprehensive study of a biorefinery concept based on the valorisation of maize
cob that is currently under valorised when looking to its enormous potential. The
use of MCW as co-substrate for AcoD can contribute positively to a highly inte-
grated management of maize crops, thus reducing negative environmental im-
pacts currently associated with the maize silage energy crops. Moreover, the use
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of MCW to produce ACs for biogas conditioning and upgrading to bioCHj al-

lows to integrate and close the cycle of the proposed biorefinery, with the addi-
tional development of high added-value sub-products like the activated carbons.
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Figure 1.1: Diagram of the bio-refinery proposed in the present work.
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Literature Review

2.1 Introduction

This Section represents the development of the Task 1 of this work.

2.2 Pre-Treatments of MCW

MCW is a complex lignocellulosic material composed of cellulose (32-46%
wt db), hemicellulose (30-44% wt db), lignin (6-22% wt db), and other trace com-
ponents (ash, protein, waxes, and sucrose) (Menon and Rao, 2012; Su et al., 2015;
Torre et al., 2008). Cellulose, lignin and hemicellulose are linked together by co-
valent bounds, intermolecular bridges, and van der Waals forces, forming a com-
plex structure. MCW is therefore resistant to biological degradation (Ayeni and
Daramola, 2017).

In order to improve the biodegradability of MCW during AcoD, this bio-
mass must be submitted to a proper pre-treatment. The pre-treatment efficiency
depends on its ability to deconstruct the lignocellulosic biomass without
generating inhibitors to the anaerobic consortia, such as furfurals, hydroxyme-
thilfurfural (HMF), phenolic compounds and carboxylic acids, in concentrations
that are toxic for the bacteria involved in anaerobic digestion (Mao et al., 2015).
This objective is achievable if lignin is removed and cellulose and hemicellulose
structure are weakened enough to offer accessible specific surface area to bacteria
degradation (Bernstad et al., 2013; Esposito et al., 2011). Several pre-treatments
have been studied at lab-scale for the pre-hydrolysis of MCW: mechanical (S. S.
Sun et al., 2015), thermal and thermo-chemical (Diaz et al., 2015; Jun Zheng et al.,
2014), chemical (Ayeni and Daramola, 2017; Idrees et al., 2014; Li et al., 2010),
biochemical and biological (ensiling, aeration, enzymatic digestion, fungi and
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microbial consortium degradation) (Carrere et al., 2016). To date, the biological
pre-treatments are the only ones used in industry for biogas production from
lignocellulosic biomasses (Carrere et al., 2016).

2.2.1 Mechanical Pre-Treatment: Size Reduction

MCW needs an initial mechanical size reduction in order to increase the
surface area exposed to pre-treatment (Kratky and Jirout, 2011).

For biogas production, the mechanical size reduction of MCW is preferen-
tially performed by chipping, grinding, and/or milling techniques, rather than
by extrusion techniques, due to its hard structure and high average moisture con-
tent (Bhutto et al., 2017, Taherzadeh and Karimi, 2008). Chipping allows
obtaining particle sizes of 10-30 mm, while grinding and milling can reduce the
particle size up to 0.2 mm (Kumar and Sharma, 2017).

To authors’ knowledge, no data are available regarding the optimal particle
size of MCW before AD. Herrman and co-workers (Herrmann et al., 2012)
worked over corn stover and observed a maximum increase in methane yield of
11-13% with a particle size ranging between 6-33 mm. Although this is a different
type of biomass from MCW that may require a different pre-treatment process,
it was the closest one that was found in literature.

Regarding other types of biomass materials, biogas production from agri-
cultural and forest residues increases with the decrease of particle size from 0.088
to 30 mm (Sharma et al., 1988). However, Izumi et al. (2010) reported that an
excessive biomass comminution may decrease biogas yield, due to the excessive
production of Volatile Fatty Acids (VFAs).

Although some studies suggest that it is better to disrupt or shred the
lignocellulosic structure rather than to cut it (Taricska et al., 2009), an initial size
reduction of about 0.1 to 1 cm (Chongkhong and Tongurai, 2014; Jun Zheng et
al., 2014) seems to be an important step before submitting MCW to AD. It must
be noted that milling do not produce any inhibitors for AD (Kumar and Sharma,
2017).

2.2.2 Thermal and Thermo-Chemical Pre-treatments

2.2.2.1 Conventional Thermal Route

Thermal pre-treatments are energy demanding processes that can be di-
vided into low temperature (<100 °C) and high temperature (>100 °C) treatments;
the latter group is also known as thermal hydrolysis (Nazari et al., 2017). Thermal

10
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pre-treatments performed at low temperatures do not degrade complex mole-
cules, such as carbohydrates, but simply induce the de-flocculation of macro-
molecules (Prorot et al., 2011). At temperatures higher than 150-180 °C, hemicel-
lulose starts to solubilize almost at the same time of lignin. In the case of high
temperature pre-treatments, the production of compounds with inhibitory ef-
fects to the anaerobic consortia is expected (Hendriks and Zeeman, 2009).

Thermal pre-treatments can be carried out in autoclaves, traditional ovens
or microwave ovens, and in the presence or absence of a catalyst. At high tem-
peratures and pressures, water can behave as a solvent, catalyst or reactant,
originating a set of pre-treatments named as hydrothermal pre-treatments (Patel
et al., 2016).

The pre-treatment of MCW at temperatures exceeding 150-180 °C solubilize
lignin and hemicellulose, generating AD inhibitors (Guo et al., 2014), such as
heterocyclic compounds like furfural and hydroxyl methyl furfural (HMF)
(hemicellulose-derived substances), and phenolic compounds (lignin-derived
substances) that may have an inhibitory or toxic effect on the anaerobic consortia
(Hendriks and Zeeman, 2009).

Few studies were found on the effect of thermal pre-treatments on maize
residues used as feedstock materials for biogas production, and no studies were
identified on MCW. Menardo et al. (2012) did not find any enhancement on me-
thane yield after the thermal pre-treatment (90 — 120 °C for 30 minutes) of maize
stalk autoclaved with water for 30 minutes. In contrast, Bondesson et al. (2013),
tested the biogas production after a steam pre-treatment (210 °C for 10 minutes)
of corn stover, with and without the addition of diluted H2S04 (0.2% w/w), and
found higher methane yields with a biomass pre-treatment with steam and di-
luted acid, than with a standalone steam pre-treatment. This was probably due
to the higher concentrations of furfural, HMF, and formic and acetic acids in the
biomass only pre-treated with steam.

2.2.2.2 Steam Explosion

Steam explosion (SE) has been demonstrated to be an efficient biomass pre-
treatment method prior to AD (Biswas et al., 2015). During SE, biomass is heated
up with high-pressure steam (0.7-5.0 MPa) at a temperature ranging from 180 °C
to 260 °C for a short period of time (from several seconds to minutes). Suddenly,
a quick depressurization is performed, causing biomass defibration and fibres
disruption (Chornet and Overend, 1991) and promoting the degradation of
hemicellulose and sometimes lignin (Carrere et al., 2016). Acetyl groups pro-
duced from the xylan present in hemicellulose turn into acetic acid, catalysing

11
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the chemical reaction known as auto-hydrolysis (Rabemanolontsoa and Saka,
2015). Water at high temperature and pressure can act as well as an acid catalyst.

SE is affected by the following variables: particle size, temperature, resi-
dence time, moisture content and combined effect of temperature and time
(Maurya et al., 2015; Y. Zheng et al., 2014). Concerning the biomass particle size,
its reduction favours the effectiveness of the mechanical and chemical effects pro-
vided by SE, due to an effective pressure distribution within the lignocellulosic
polymers, although it may consume at least one-third of the power requirement
for the entire process (Maurya et al., 2015).

Due to the high temperature used in SE, phenolic compounds (from lignin
and furfural) and HMF (from hemicellulose) are produced; thus, SE conditions
must be accurately selected. J. Zheng et al. (2014) reported that SE pre-treatments
catalysed by diluted acids or alkalis (0.5-5.0% w/w) result in more complete
solubilization of hemicellulose, decreasing the production of inhibitory com-

pounds. However, catalysts such as HySO,4 or SO, also raise issues related to pH

adjustments, production of H,S and sulphate, and increase of process costs (Yang

and Wyman, 2008). X. Zhang et al. (2017) observed that acid-catalysed SE can
remove hemicellulose from MCW, causing the enrichment of solid residues in
lignin that inhibits the hydrolysis.

Only few studies were found on biogas production from SE pre-treated
maize wastes. All of them were carried out on maize stover rather than on MCW.
For example, J. Li et al. (2015) observed an increase of 64% in methane yield pro-
duced from SE pre-treated corn stover (1.2 MPa, 10 minutes, 90% moisture
content), during 28 days of mesophilic AD. An increase of 80% in methane yield
was observed in the presence of 1.5% KOH.

To authors’” knowledge, no full-scale application of SE pre-treatment prior
to AD has been reported up to now, mainly due to its complexity and several
drawbacks associated to this pre-treatment.

2.2.2.3 Microwave Irradiation

As a non-conventional heating source, microwave irradiation (MWI) heats
MCW uniformly, quickly and avoid large temperature gradients, limiting the for-
mation of inhibitors (H. Li et al., 2014; Li et al., 2016). MWI can be carried out
either at atmospheric pressure or high pressure. The latter allows lower reaction
temperatures and higher hydrolysis ratio (Tong and Yao, 2009) than the former
(Li et al., 2016).

12



CHAPTER 2

Deconstruction of lignocellulosic biomass and sugar release from maize cob
are enhanced if the MWI pre-treatment is catalysed by alkalis, acids, or High
Boiling Solvents (HBS). Some attempts with promising results were recently per-
formed on corn stover in the absence of catalyst (Aguilar-Reynosa et al., 2017); in
this study, it was observed that hemicellulose removal by MWTI is higher than by
traditional conduction-convection methods.

The available literature agrees that MWI affects the maize cob morphology,
producing an increase of its crystallinity index (Diaz et al., 2015; Odhner et al.,
2012). Most of the pre-treatments performed on maize cob using MWI are
targeted to the bioethanol production (Aguilar-Reynosa et al., 2017), or to the
generation of fermentable sugars (Tong and Yao, 2009) rather than for biogas
production. All these works agree in the fact that MWI promotes efficiently the
hydrolysis of maize cob. Boonsombuti and Luengnaruemitchai (2013) obtained
more than 60% of lignin removal and approximately 38% increase of available
surface area by using MWI catalysed by 2% w /v NaOH at 100 °C, for 30 minutes,
after enzymatic hydrolysis. Chen et al. (2013) obtained 65% lignin solubilisation
by applying MWI to maize stover catalysed by NaOH (NaOH/ corn stover ratio
=0.077 w/w), at 95 °C, for 30 minutes. In contrast, Surra et al. (2018a) observed
that MWI of maize cob, for 10 minutes, at 160 °C and catalysed by NaOH in con-
centrations between 2-20% NaOH/MCW (w/w), did not produce any delignifi-
cation, nor cellulose solubilisation. Only moderate hemicellulose removal was
obtained. The difference between these studies may be related with the residence
time; Surra et al. (2018a) have used a residence time of 10 min, three times lower
than the residence time applied by Chen et al. (2013), and Boonsombuti and
Luengnaruemitchai (2013) (30 min for both studies), suggesting that MWI time
plays a key role in biomass depolymerisation. Similar results were obtained by
Zhu et al. (2005) that combined MWI and alkali method to pre-treat a different
lignocellulosic biomass (rice straw); the content of cellulose (glucan) increased,
while the content of hemicellulose (xylan) and lignin decreased, when MWI time
increased from 15 to 70 min, at 300 W.

It must be noticed that MWI catalysed by NaOH in concentrations higher
than 6% NaOH/MCW (w/w) is able to produce phenolic compounds in concen-
trations that are detrimental to methanogens (Surra et al., 2018a), namely in what
concerns the threshold-limit for p-coumaric acid (50 mg/L)(Akassou et al., 2010).
Additionally, Aguilar-Reynosa et al. (2017) suggest that the concentration of
catalyst is crucial to limit the production of furfural.

The use of acids as catalysts during MWI was investigated by Chongkhong
and Tongurai (2014). The authors tested MWI catalysed by acetic acid on maize
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cob to convert the hemicelluloses into soluble sugars in a short reaction time. A
significant glucose concentration of 84.2 g/L was obtained at a MCW /acetic acid
(0.5 M) ratio of 0.40:1, under 900 W of microwave power, for 10 minutes. Simi-
larly, Tong and Yao (2009) found that coupling MWI with H2504 (10 g/L) to
treat maize stover at 190 °C, with a reaction time of 3 min and Liquid /Solid (L/S)
ratio of 20 L/kg, resulted in a sugar yield of 44.6%.

HBS such as 1,4-butanediol and glycerol are used in MWI of biomass, due
to their high-boiling points at atmospheric pressure and their ability to remain in
liquid state at high temperatures. MWI catalysed by HBS can break the bonds
within the biomass; lignin is dissolved and HBS can be recovered and recycled
(Li et al., 2016). Diaz et al. (2015) reported delignification percentages of 29.5%
and 22.6% after having immersed maize straw in aqueous glycerol (95% v/v) and
alkaline glycerol solution (95% v /v glycerol-NaOH 1.4 M), respectively, for 16 h,
before MWI. However, these results are contradictory with those obtained by
Surra et al. (2018a) where lignin or cellulose removals were not found with direct
MWI catalysed by glycerol, either in the presence or absence of alkaline water. It
seems that the residence time of the chemical pre-treatment before MWI, may be
more effective for lignin solubilisation than MWI itself.

Another way to use MWI is to couple it with steam explosion that decon-
structs the lignocellulosic biomass more efficiently (Beszédes et al., 2009). Pang
et al. (2012) registered a sugar yield of 72.1% and obtained a decrease on the
crystallinity index of maize stover pre-treated with a combination of SE-MWI.

Based on this review and on a previous work carried out by Surra et al.
(2018a), it seems that MWI is not a key technology for maizecob pre-treatment; it
is an expensive technology and must be coupled with other catalysts to efficiently
degrade the lignocellulosic structure.

2.2.3 Chemical Pre-treatments

2.2.3.1 Alkalis and Acids

Among the chemical methods, alkali pre-treatment is the preferred one and
the most studied for AD, as anaerobic bioconversions can support slightly alka-
line environments. The most common alkalis are, by decreasing order of effi-
ciency, NaOH > KOH > Mg(OH)2 > Ca(OH)2 (Chandra et al., 2012). Compared
with NaOH and Ca(OH)2, KOH has not been widely used (Alqaralleh, 2012).

Few studies were found about alkali pre-treatments on maize wastes prior
to biogas production. Zhu et al. (2010) compared different NaOH loadings (1, 2.5,

14



CHAPTER 2

5.0, and 7.5% w/w) to treat maize stover during 24 h, before submitting it to AD
under mesophilic conditions for 40 days. These authors have used an effluent of
AD as inoculum and added nitrogen as supplying nutrient. NaOH loading of 1%
w/w did not cause significant improvement on biogas yield. The highest biogas
yield of 372 L/kg VS was obtained for the corn stover pre-treated with 5% v/v
NaOH, which was 37% higher than that of the untreated sample. They also ob-
served that the inhibition of methanogens occurred with 7.5% w/w NaOH. This
evidence was confirmed by Calabro et al. (2015) who found that methanogenesis
slows down in the presence of high NaOH dosage used in the pre-treatment of
tomato processing wastes.

It must be noticed that according to Zhu et al. (2010), NaOH treatment of
maize stover did not improve significantly the biogas production. But, according
to Zheng et al. (2009), the total biogas production and methane yield were in-
creased by 72.9% and 73.4%, respectively, when maize stover pre-treated with
2% w/w NaOH, at 20°C, for 3 days and with a moisture content of 88% w/w,
was submitted to mesophilic AD.

The use of NaOH pre-treatment may cause Na* inhibition of the AD pro-
cess, especially during methanogenesis, because sodium ion is a well-known AD

inhibitor. Additionally, the digestate disposal rich in Na* could lead to negative
environmental impacts, such as soil and water salinization (Y. Zheng et al., 2014).

Studies on sugar recovery improvement have demonstrated that a sequen-
tial acid—alkali pre-treatment on maize stover is able to minimize acetic acid, fur-
fural and HMF production (Lee et al., 2015). The idea of gathering sequentially
acidic and alkaline pre-treatments to mitigate the generation of AD inhibitors can
open a new window of research to minimise inhibitors formation. Otherwise, the
high investment, operation and management costs, as well as operational diffi-
culties and environmental impacts, reduce the potential use of acids and alkalis
in the pre-treatment of MCW at an industrial-scale (Modenbach and Nokes,
2013).

2.2.3.2 Oxidative Pre-treatments

Oxidative pre-treatments use peroxides or ozone as catalysts. Peroxides are
widely used to enhance the biological conversion of lignocellulosic biomass into
bioethanol, whereas only few attempts were done with these catalysts for biogas
production (Shahriari et al., 2013; Surra et al., 2018b). The most used peroxide
compound is H202 followed by peracetic acid, dimethyldioxirane, and peroxy
monosulphate.
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The potential of peroxides lies in their ability to be transformed into hy-
droxyl radicals, which are more powerful than peroxides themselves to remove
lignin and enhance biomass degradability during AD. The treatments with
peroxides are non-selective oxidation processes that may cause losses on
digestible sugars (Y. Zheng et al., 2014). H202 requires an alkaline pH (usually
11.5) to produce the oxidizing radicals needed to degrade lignin. However, recent
studies demonstrated that pH values as lower as 9.8 can be enough to support an
suitable MCW depolymerization for AcoD (Surra et al., 2018b). In this chemical
context, this type of pre-treatment is known as Alkaline Hydrogen Peroxide
(AHP) pre-treatment.

During an AHP pre-treatment, the reaction time strongly affects lignin re-
moval (Banerjee et al., 2011; Saha and Cotta, 2007). This result was confirmed by
Surra et al. (2018a), who tested the pre-treatment of MCW with AHP under a
H202/MCW ratio of 0.5 w/w, pH of 9.8, and MCW mass of 10% w/v. The
solubilization percentage of lignin with a reaction time of 3 days was 90% and
50% higher than those obtained with 4 hours and 1 day, respectively.

Literature presents contradictory results on the effect of temperature in an
AHP pre-treatment. Selig et al. (2009) and Su et al. (2015) showed that sugar
yields from maize stems and maize stover increase with temperature. On the con-
trary, Karagoz et al. (2012) obtained higher yields with rapeseed straw at 50 °C
than at 70 °C, due to H202 decomposition at higher temperatures. Oxidizing pre-
treatment catalysed by H202 at 100 °C, for 10 minutes, with microwave heating
did not promote any significant improvements concerning sugar solubilization,
when compared to the pre-treatments carried out at room temperature under the
same conditions (Surra et al., 2018a, 2018b). Two important factors that affect
AHP pre-treatment efficiency are the concentration of solids and H202 loading.

Tables 2.1 and 2.2 summarize some of the studies of AHP pre-treatments
applied on maize wastes. Studies focusing on MCW are very few.

Gould (1984) demonstrated that H202 can be used as a delignifying agent
for maize stover. Approximately, 50% of the lignin in a 2% w /v solution of maize
stover can be removed with 1% solution of H202 (0.5 g H202/g biomass) at an
initial pH of 11.5.

Banerjee et al. (2011) tested different H202 /biomass ratios (0.125, 0.25 and
0.5 g/g) at a biomass concentration of 10%. These authors found a higher glucose
conversion yield (95%) with the biomass pre-treated at 0.5 g H202 /g biomass.
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Table 2.1: Summary on AHP studies before enzymatic saccharification

Substrate HO, load Biomass load t T Glucose conversion!] Initial pH Reference
WO, /WMmew % (viLo) MCW  h °C %o w/w
Crop 0.50 2.00 4 Ambient 95.0% 11.5 (Gould, 1984)
residues 21 0.50 10.0 24 23 95.0% 115 (Banerjee et al., 2011)
0.25 10.0 24 83.0% 11.5
Maize 0.125 10.0 2% 55.0% Adjustment  (Banerjee et al, 2011)
Stover 23 every 6 h
0.125 15.0 48 75.0% Adjustment (g iee et al,, 2012)
required
Substrate H.O, load Biomass load t T Glucose solubilisation ngIllI.I. ) Reference
solubilisation
WHO, Wmew % MCW/vgo h °C Jow/w mg/L
Maize Cob  1.00 5.00 050 120 72.0% 39.0 gf)‘ly%m and - Daramola,
" After enzymatic hydrolysis; ¥ Corn stalks, corn husk, wheat straw and kenaf
Table 2.2: Summary on AHP studies for biogas production
foni Glucose _
Substrate H.O, load Biomass load t T ngIllI.I. . 1] AD " AD yield Refer
solubilisation conditions ence
wHO,/WMew % (vHO)MCW  h °C Yo w/w mL CHy/g VS
] 0.50 2.00 4 0.00 148 . 480 (Surra et
Maize 5 10.0 72 23 68.6 928 Thermophilic, 5, al,,
Cob 30d
0.50 10.0 4 5.00 653 550 2018a)
Corn Mesophilic, (Song et
Straw 3.00 33.0 168 25 6-32 354 Up to 217 al, 2014)

' Glucose solubilisation in the liquid phase after pre-treatment
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The same authors obtained a glucose conversion yield of 75% when the pre-
treatment reaction time was extended up to 48 hours, using 15% of solid concen-
trations and 0.125 g H202 /g biomass (Banerjee et al., 2012).

Song et al. (2014) tested the effect of seven different chemicals on maize
straw for biogas production (Table 2.2). The comparison between H202, H2504,
HCl, CH3COOH, NaOH, Ca(OH)2 and NH3H20O, show that maize straw pre-
treated with 3% H202 w/w gives the highest methane yield when compared
with other catalysts (115.4% higher than that of the untreated straw).

In a recent study performed by Surra et al. (2018b), the pre-treatments on
MCW were catalysed by H202 at room temperature, different H202 /biomass
ratios (0.125, 0.250, 0.5 and 1.0), different pH values (9.8 and 11.5) and different
reaction times (4 hours; 1, 2 and 3 days). The hydrolysed materials were used in
AcoD assays with the Organic Fraction of Municipal Solid Wastes (OFMSW).
This study showed that the highest lignin and glucose solubilizations (68.6%
w/w and 928 mg /L, respectively) were achieved at room temperature in the pre-
treatment with a H,O,/MCW ratio of 0.5 w/w, pH 9.8, 10% w/v MCW concen-
tration and a reaction time of 3 days. The AcoD of pre-treated MCW under this
condition produced a methane yield of 500 mL/g VS, that was slightly lower

than that obtained at the same H,O, load, pH and solid concentration, but with

4 hours of reaction time (550 mL/g VS). This was probably due to the higher
concentrations of inhibitors produced in the assays with a longer reaction time (3
days).

It must be noticed that a concentration of HyO» higher than 4% w/w can

inhibit the AD process, due to the toxic effect of excessive hydroxyl ions to
methanogens (Song et al., 2014).

To date, HyO; can be considered as one the most favourable catalysts for
improving the methane yield on lignocellulosic biomass, due to its effectiveness
and relatively low cost. The work of Banerjee et al. (2012) highlighted that AHP
is a readily scalable technology, due to its simplicity and low capital costs. More-
over, Song et al. (2014) performed a comparison between different pre-treatment
methods on corn straw, demonstrating that HyO» pre-treatment was one of the

most favourable, due to both good economic performance and higher methane
yields that promoted in AD.
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2.2.3.3 lonic Liquids

Ionic liquids (ILs) are molten salts at room temperature, characterized for
being strong solvents with high polarity, great thermal stability and negligible
volatility (Q. Zhang et al, 2017). They are constituted solely by a large
asymmetric organic cation and a polyatomic organic or inorganic counterion
(Luo et al., 2013). Due to immeasurable combinations of cations and anions that
can form ILs, they are often called designer solvents (da Costa Lopes et al., 2013).

ILs have been proven to be highly effective in the dissolution of cellulose,
lignin, and hemicellulose over different types of biomass materials, including
maize cob and maize stover (Luo et al., 2013). Carbohydrates and lignin can be
simultaneously dissolved, due to the activity of phosphate or chloride anions
present in ILs (Li et al., 2010). The non-hydrated chloride ions of ILs can form
hydrogen bonds with the hydroxyl protons of sugars of lignocellulosic biomass,
disrupting the complex non-covalent bonds that inter-link cellulose, hemicellu-
lose, and lignin, with minimal generation of degradation products (Alvira et al.,
2010). ILs are 100% recoverable to their initial purity and leave minimum resi-
dues for the downstream AD process (Heinze et al., 2005), although the residual
solution can become viscous and difficult to handle after several extraction cycles
(Li et al., 2010).

Among the published works dealing with the use of ILs to pre-treat biomass
for biogas production, N-methylmorpholine-N-oxide monohydrate (NMMO)
has been the most frequently used (Aslanzadeh et al., 2014; Kabir et al., 2015;
Mancini et al., 2016; Y. Zheng et al., 2014). However, the efficiency of this com-
pound in the pre-treatment of maize wastes before AD is not clear.

Papa et al. (2015) studied the efficiency of a mild ionic liquid (1-ethyl-3-me-
thylimidazolium acetate [C2C1Im][OAc]) on maize stover before AD. The au-
thors observed that the use of this compound, at 100 °C, for 3 hours, did not affect
methane production from maize stover. These results contrast with those of Gao
et al. (2013) which showed that the pre-treatment of water hyacinth with 1-N-
butyl-3-methyimidazolium chloride ([Bmim]Cl)/dimethyl sulfoxide (DMSO), at
120 °C, for 120 min, generated a lignin removal of 49.2% and an increase in the
biogas yield of 97.6% as compared with non-pre-treated biomass.

The main drawbacks of IL-based pre-treatments are (i) costs (up to 1,000
US$/kg) (URL1, 2018), (ii) energy demand for recycling the compounds, (iii) lack
of toxicological data, (iv) lack of knowledge about the IL action on hemicellu-
lose/lignin disruption, and (v) AD inhibition effects (Y. Zheng et al., 2014). The
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high cost and difficulties in the recovery of ILs are the most important future
challenges for scaling up this technology.

2.2.4 Biological Pre-treatments

Biological pre-treatments can be divided into (i) ensiling, (ii) micro-aera-
tion, (iii) use of enzymes, (iv) fungi activity, and (v) microbial consortia activity.

In several European countries (Germany, Austria, Sweden, France and
Finland), maize is the most widely used crop for biogas production at farm-scale,
and ensiling is one of the most used pre-treatments (Murphy et al., 2011). Due to
its seasonality, ensiling has the double advantage of pre-treating and preserving
the maize crop throughout the year (Herrmann et al., 2015; Kreuger et al., 2011).
Fresh crops can be used as AD substrate just after harvesting, but ensiling may

increase the methane potential (m3/kg VS) in most anaerobic digesters
(Pakarinen et al., 2008).

Maize is chopped through standard combine harvesters and then stored in
big silos (6,000 t capacity), silage clamps (shovel loaders covered with plastic
blankets), or bale silos (660 kg capacity), depending on the dimension of the AD
plant (Murphy et al., 2011).

Ensiling process can be divided in the following four steps: (i) initial aerobic
period, in which residual intraparticle oxygen is consumed, (ii) anaerobic fer-
mentation, (iii) stabilization phase, and (iv) feed-out. During the anaerobic fer-
mentation and after all the interparticle oxygen has been consumed (initial aero-
bic period), the anaerobic microorganisms, such as lactic acid bacteria, enterobac-
teria, clostridia and yeasts, begin to proliferate and biomass undergo to anaerobic
homolactic, acetic acid, heterolactic, ethanolic and butyric fermentations
(Kreuger et al., 2011) These fermentation pathways preserve a significant part of
the organic matter and nutrients from the attack of other bacteria (McDonald et
al., 1991). During the stabilization phase, the pH remains stable and anaerobic
conditions are maintained.

Exposure to air during the different steps of ensilage process and during
feed-out can cause aerobic deterioration of organic matter, reducing the methane
yield (Wilkinson and Davies, 2012). Anaerobic stability and methane yield can
be increased by using chemical additives, but the process becomes more expen-
sive (Herrmann et al., 2015; Plochl et al., 2009).

Good silage preservation may occur for feedstocks with low moisture con-
tent, high accessible carbohydrates and low buffering capacity. High packing

20



CHAPTER 2

density and reduced particle size contribute to minimize energy losses during
ensiling (Teixeira Franco et al., 2016).

The recent German practical experience with maize ensilage reports a mean
methane yield of 348 m3/t VS (KTBL, 2009). Negri et al. (2014) observed with
BMP test that the highest biomethane production was obtained by harvesting
and ensiling the whole maize plant (more than 10000 m3/ ha), including corn; the
biomethane production of the ensiled maize without corn was sharply lower
(3300 m3/ha), although it is more sustainable because reduces the competition

with food and feed chains.

Fu et al. (2016) pointed out that supplying a limited amount of oxygen, or
air (micro-aeration) to corn straw, prior to AD, can improve the methane yield.
The reason for this improvement is the shifting of microbial community under
micro-aerobic conditions. However, the amount of oxygen supplied has to be
carefully dosed to prevent the organic matter oxidation by aerobic bacteria (S. Xu
et al.,, 2014). S Fu et al. (2015) improved the methane yield with Micro-Aerobic
Pre-treatment (MAP) on maize straw. The MAP process consisted in a shaking
water bath at 130 rpm, in which maize straw was pre-treated with an optimized
pure oxygen load of 5 mL/g VS (Shan-fei Fu et al., 2015), under thermophilic
conditions (55 °C), and at atmospheric pressure, until all oxygen consumption.
Afterwards, the anaerobic digestion of the treated material at batch mesophilic
conditions (37 °C) and using animal slurry as inoculum during an incubation
time period of 60 days, registered an increase of 10.2% in biomethane when com-
pared with the untreated samples. MAP process stimulates the microorganisms
from the phylum Firmicutes, which produce extracellular enzymes, allowing an
intensive hydrolytic activity over the lignocellulosic biomass (S Fu et al., 2015).

MCW pre-treatment through enzymes for biogas production was tested at
lab scale mainly through the BMP test. Pérez-Rodriguez et al. (2016) observed a
reduction of more than 4-fold of the initial lignin content after enzymatic pre-
treatment with Ultraflo ® L in an amount equivalent to 0.2 U feruloyl esterase per
gram of dry milled maize cob, at 150 rpm, 40 °C, for 3 h. The methane production
increased by 14.6% when compared with non-pre-treated maize; however, high
concentrations of p-coumaric and ferulic acids of 55 and 174 mg/L, respectively,
were registered.

The impact of pre-treating lignocellulosic biomass with different enzymes,
at different incubation times (0.6 and 24 h) was studied by Schroyen et al. (2014)
on maize stover. The methane production assessed by the BMP test showed an
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increase of 25%, after 24 h of incubation with laccase, and 17% after 6 h of incu-
bation with peroxidase. Phenolic compounds ranged from 20 mg/L with laccase
(with 6 h of reaction time) to 66 mg/L (with 24 h of reaction time) with a combi-
nation of enzymes. At lab scale, the enhancement of methane yield with the use
of enzymes is a proved concept, although the production of phenolic compounds
is higher than that obtained with other cheaper pre-treatments, such as chemical
oxidative methods. At full scale, enzymes were tested by direct addition to a
mesophilic digester fed with maize silage. Low or even no impact on methane
yield were observed (Schimpf et al., 2013).

Microbial consortia, as well as fungi pre-treatments, require long pro-
cessing time and volume; also, an initial size reduction is needed. Fungal pre-
treatments are less complex and expensive than enzymes. Lignocellulosic de-
grading fungi can be sorted into white-, brown- and soft-rot fungi (Rouches et
al., 2016). They are cheap, environment-friendly and potentially suitable for non-
easy degradable biomass materials, such as MCW. The increase in biogas pro-
duction is possible (Liu et al., 2017) but not systematic, because organic matter
losses always occur with this pre-treatment (Rouches et al., 2016).

The high overall costs associated with biological pre-treatments, except for
ensiling, are presently the bottle neck for their full-scale application.

2.2.5 Future Challenges

New treatment processes, or optimized combinations of the existing ones
with low associated costs, are still needed in order to reduce the cost of the final
products. This is highly significant to produce electrical energy from biogas, spe-
cifically in the countries in which this type of energy is compensated by low
revenue rates.

2.3 Potential inhibitors of the AcoD of MCW with OFMSW

2.3.1 Inhibitors Conditions — Generation, effect and toxic

thresholds

The type and concentration of AD inhibitors generated after MCW pre-
treatment depend on the pre-treatment conditions applied (Redding et al., 2011).
The inhibitors produced are mainly (i) furan derivatives (furfural and 5-Hy-
droxymethylfurfural — 5-HMF), (ii) phenolic compounds, (iii) VFAs, (iv) extrac-
tives (acidic resins, tannins, terpene acids), (iv) some alkaline and alkaline-earth
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metals (Na, K, Ca), and (v) heavy metals (for example, Fe, Ni, Zn) (Behera et al.,
2014; Mussatto and Roberto, 2004; Vaswani et al., 2016).

Furfural and 5-HMF are formed by decomposition of pentoses and hexoses
at high temperatures (Kowalski et al., 2013); 5-HMF may decrease cell growth
rate (Park et al., 2015) and substrate degradation kinetic during AD (Ask et al.,
2013; Makawi et al., 2009). Concentrations of furfural higher than 20 mM (1.92
g /L) can strongly inhibit Methanococcus deltae and Methanococcus deltae LH, but
concentrations lower than 10 mM do not cause cell growth inhibition. Further-
more, furfural in concentrations lower than 10 mM can be transformed into fur-
furyl alcohol, promoting the medium detoxification, within 48 h of incubation, in
Methanococcus deltae cultures (Belay et al., 1997). Similarly, Pekatov4 et al. (2017)
found that concentrations of furfural below 1.0 g/L do not produce any signifi-
cant inhibition, whereas 5-HMF concentrations higher than 0.2 g/L can cause
significant inhibition of methanogens.

Taherzadeh and Karimi (2008) reported that neither furfural nor 5-HMF
were detected in hydrolysates obtained from alkaline peroxide pre-treatments of
lignocellulosic biomass. This evidence was confirmed by Surra et al. (2018a,
2018b) who found concentrations of furfurals and 5-HMF below the detection
limits (3.5 mg/L and 3.9 mg/L, respectively) after MCW pre-treatment, at both
room temperature and 100 °C, under MWI, for all H.O. loads tested.

Phenolic compounds are produced by the degradation of lignin. They can
cause loss of integrity of biological membranes (physiological inhibition),
reducing cell growth and further inhibiting sugar assimilation (Campos et al.,
2009). Phenolic compounds with low molecular weight are more inhibitory than
those with high molecular weight. Additionally, Parajé et al. (1998) reported that
low molecular weight phenolic compounds are more toxic to microorganisms
than furfural and 5-HMF.

Regarding the inhibitory effect of phenolic compounds, the literature indi-
cates that during AcoD of olive mill wastewater with wine distillery wastewater,
by using cattle manure as inoculum, concentrations of p-coumaric acid higher
than 50 mg/L strongly inhibited methanogenesis (Akassou et al., 2010). On the
other hand, Mousa and Forster (1999) stated that gallic acid concentrations below
20 mg/L do not cause inhibition of AD, whereas concentrations of 50 mg/L can
cause 15% decrease of methane content in biogas. Finally, Hernandez and
Edyvean (2008) observed that 1.0 g/L of caffeic acid and gallic acid can cause
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significant inhibition of AD process. Among the phenolic compounds, syringal-
dehyde and vanillic acid affect strongly the cell growth (Cortez and Roberto,
2010).

Acetic, formic, butyric, propionic and levulinic acids are the most com-
monly carboxylic acids found in hydrolysates after biomass pre-treatments; they
are also known as VFAs. Their concentrations depends upon the type of feed-
stock used and pre-treatment method applied (Kim, 2018).

Temperature and residence time of the pre-treatment affect the hydrolyza-
tion of the acetyl groups. VFAs can be also considered as AD inhibitors, due to
their ability to cause unbalances between hydrolysis, acidogenesis and methan-
ogenesis phases when present in individual or combined concentrations above
the thresholds for a stable AD process (D. Li et al., 2015). Khanal (2008) observed
that in a stable anaerobic digester, the concentration of total VFAs is in the range
of 50-250 mg/L. According to Drosg (2013), AD instability due to VFAs is
achieved when the total concentration exceeds 4000 mg /L.

Among individual VFAs, D. Li et al. (2015) observed that during AcoD of
rice straw with cow manure, propionate was the strongest inhibitor for biogas
production, because its degradation is slower than that of acetate. Propionate
must be degraded to acetate before it can be used by bacteria, whereas acetate
can be directly bio-converted into methane and carbon dioxide. The concentra-
tion of propionate tolerated by methanogens is just below 1000 mg /L (Hanaki et
al.,, 1994; Wang et al., 2009). It has been reported that AD do not fail up to
10000 mg /L for either acetic or butyric acids (Khanal, 2008). Formic acid, that is
also formed due to the breakdown of furan derivatives is more inhibitory than
acetic acid (Almeida et al., 2007).

According to McMillan (1994), several extractive raw compounds, such as
acidic resins, tannin and terpene acids, derived from acetyl groups that are pre-
sent in the hemicellulose, generate less inhibition of microbial growth than lignin
derivatives or acetic acid.

MCW also contains metals such as Na (1.32% w/w), K (1.53% w/w) and
Mg (0.42% w/w) (Anukam et al., 2017), which being bioavailable after the pre-
treatment in concentrations higher than 8, 12 and 3 g/L, respectively, can act as
inhibitors (McCarty, 1964).

Some heavy metals can be originated from the corrosion of equipment used
for MCW pre-treatment (Mussatto and Roberto, 2004; Paul and Dutta, 2018), or
be present in MCW due to the specific soil nature and environmental factors, or
due to the use of pesticide and fertilizers (Cd, Cr(IV), Cu, Mn, Ni, Pb, and Zn)
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(Peng et al., 2006). These elements can also act as inhibitors. If present in trace
concentrations, some of them (Mn, Fe, Co, Cu, Mo, Ni, Se, W) are essential for the
growth of anaerobic microorganisms; however, when present in high concentra-
tions, can lead to AD inhibition (Guo et al., 2019; Minh et al., 2016). Nasr and
Shafy (1992) have defined a toxicity ranking of Cu, Cr(VI), Pb, and Zn for AD as
follows: Cu > Cr(VI) > Pb > Zn. These four chemical elements can inactivate en-
zymes, thus inhibiting the growth of bacteria and jeopardizing the di-
gester (Selling et al., 2008).

There are four different approaches to mitigate the presence of inhibitors in
hydrolysates generated during biomass pre-treatment: (i) to opt for a
pre-treatment that generates less inhibitors; (ii) to implement a detoxifying pro-
cess of the hydrolysate before fermentation; (iii) to develop species of microor-
ganisms able to support higher concentration of inhibitors; and (iv) to convert
toxic compounds into products that do not interfere with the metabolism
(Thaerzadeh et al., 2000).

Detoxification of hydrolysate is very expensive; hence, to adapt and de-
velop microorganisms able to support higher concentrations of inhibitory
chemical species seems to be a good approach. The inhibition due to toxic
chemical species can be partially solved during AD if a long hydraulic retention
time is used. Under these conditions, anaerobic consortia can adapt, or even de-
grade these toxic chemical species (when the biodegradation is possible);
however, the kinetic of overall process will be affected (Kabir et al., 2015).

2.3.2 Future Challenge

The generation of inhibitors during biomass pre-treatment and their poten-
tial toxicity in the anaerobic consortia is a crucial aspect when biomass is
previously submitted to pre-treatment processes prior to AcoD. Therefore, it is
essential to develop further studies on the identification of potential toxic com-
pounds, generated during biomass pre-treatments to anaerobic consortia. Also,
the study of pre-treatments performed under mild conditions that limit the pro-
duction of inhibitors, without compromising the efficiency of biomass decon-
struction, is highly important and required.
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2.4 AD and AcoD of MCW

2.4.1 AD definition and AcoD using MCW as co-Substrate

AD is a biological process in which complex organic substrates are de-
graded into CH,, CO,, and other trace components (H.O, H.S, CO and NH.) in the
absence of dissolved oxygen (Deublein and Steinhauser, 2010). AD takes place in
four different stages: (i) hydrolysis, (ii) acidogenesis, (iii) acetogenesis and (iv)
methanogenesis (Batstone et al., 2002; Deublein and Steinhauser, 2010; Lapa et
al., 2017). Figure 2.1 reports a simplified diagram of the AD process.

Carbohydrates
Monomeric
Sugars

Volatile Fatty Acids:
(Butyric, Acetic,
Priopionic, Succinic and
Lactic Acids) + CO,+ H,

Hydrolysis ]

Purines and

Pyrimidines

o
Aminoacids

~

{ Acetate, Formate, ] I H

Methanol J

CH,, CO, H,0, minor
gases

(H,S, CO, NHs,...)

[Methanogenesis] [Acetogenesis] [ Acidogenesis ] [

Figure 2.1: Diagram of the anaerobic digestion stages. Adapted from (Batstone et al.,
2002; Lapa et al., 2017; Oliveira, 1982)

The rate-limiting stage in the AD of MCW is the hydrolysis, due to the in-
trinsic recalcitrance characteristic of MCW induced by the presence of cellulose,
hemicellulose and lignin.

The AD of standalone MCW shows significant instability caused by the low
alkalinity of maize wastes and high C/N ratio. To stabilize the anaerobic process,
it is recommended to add a co-substrate with higher N-content than MCW. The
AcoD with (i) animal manure and slurry, (ii) sewage sludge, or (iii) OFMSW is
highly recommended to achieve adequate biogas and methane yields. The use of
co-substrates extremely rich in nitrogen, as fresh meat can lead to the AD process
failure, if the relative C/N ratio is not balanced (Huttian, 2016).
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AcoD of MCW can be carried out in liquid phase (LS-AD), when operated
atalow concentration of total solids (0.5 to 15% wt) (Owamah and Izinyon, 2015),
or in solid phase (SS-AD), if the total solids concentration ranges between 15-40%
wt (Y. Li et al., 2015).

Animal manure, sewage sludge and food wastes can be co-processed with
MCW via LS-AD, while the OFMSW can be co-processed also through SS-AD
(Franchetti, 2013). SS-AD requires smaller bioreactors and has a lower energy de-
mand associated to heating and stirring the bioreactor content (Budzianowski
and Budzianowska, 2015), although biogas yield can be lower (Y. Li et al., 2015).

Maize wastes are generally dosed during AcoD in a percentage not exceeing
35% w/w both at laboratory and industrial scales (Ramos-Sudrez et al., 2017).
Most of the works reported in the literature related to AD of maize wastes, use
maize stover, maize husk, maize stalks or maize silage as substrates or
co-substrates. Currently, most of the industrial AD plants operating with agri-
cultural residues use maize silage as substrate (Achinas et al., 2017; National
Research Institute Poland - Oil and Gas, 2014), which is produced as an energy
crop.

MCW rarely is used in laboratory AD assays. No evidence was found in
literature about industrial AD plants operating with standalone MCW as
substracte or co-substrate. Table 2.3 reports published works selected on AD or
AcoD of maize wastes.

The presence of maize wastes only submitted to size reduction (without any
other pre-treatment) provides biogas yields comparable to those obtained with
pre-treated maize wastes (Table 2.3) (Hutnan, 2016; Surra et al., 2018b). This sug-
gests that using combined pre-treatments before AD is not a guarantee for me-
thane yield enhancement; to find other co-substrates that may stabilise the AcoD
process, or even that can also increase the biogas and methane yields is essential.

For example, the use of glycerol as co-substrate was investigated to assess
its ability to increase the methane yield during AcoD with maize wastes, and to
improve the anaerobic biodegradability of these wastes (Table 2.3). Spalkov4 et
al. (2009) compared the results obtained in two laboratory-scale bioreactors

operated with an Organic Loading Rate (OLR) of 3.2 kg COD/ (m3.d); one of the

bioreactors was fed only with maize silage and the other with a mixture of 4830
g of maize silage and 805 mL of crude glycerol. Authors concluded that the ad-
dition of glycerol did not provided any significant improvement on methane
yield during AcoD. This was confirmed by (Hutiian (2016) in a pilot-scale
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bioreactor which concluded that glycerol is more effective in stabilizing the AcoD
process of maize wastes, than in the increase of methane production (Table 2.3).

On the other hand, Amon et al. (2006) observed that adding crude glycerol
to a mixture of maize silage (31%), corn (15%) and pig manure (54%) improved
the anaerobic biodegradability of the mixture by 17% and 22% when the crude
glycerol was added in concentrations of 3% and 6% (v/v), respectively; an in-
crease in the specific biogas and methane yields was also observed (Table 2.3)
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Table 2.3: Experimental data available in literature on AD or AcoD assays of maize wastes

Feedstock / Inoculum

Pre-treatment

AD/ AcoD conditions

Nbiogas  "ICH. Reference

mL/g VS

35% w /w Maize Silage / Ensiling OLR: 5.03 kg VS/(m.d); T: 35+1 569° 314" (Hutnan, 2016)
ASS™ °C; pH: corrected; HRT®: 101 d
Maize Straw (MS) Ground 2.5-5.0 mm; Batch <400 . l6] (Ramos-Suarez
0.05-0.15 g CaO/gMS; 1:1 g,./mL,; or T: 35+ 1°C; HRT: 45 d etal., 2017)
0.01-0.1 gcHo/g TSw 13 g
TSws/mL,_; RT=: 6 and 12 h
31% w/w Maize Silage Not pre-treated Batch 679 439 (Amon et al.,
15% w/w Corn T: 38-40 °C HRT: 42 d 2006)
54% w [ w Pig Manure;
+ 6% glycerine
75% w/w Food Waste Dried and ground to powder OLR: 3.5 g VS/L.d; T: 3741 °C; 700 447 (Owamah and
25% w /w Maize Husk pH:7.4; C/N: 23.4; HRT: 44 d Izinyon, 2015)
87% w/w VS OFMSW Ground 2-4 mm; H,0,/MCW ratio OLR:2.48 gVS/(L.d); T:55+2°C; 870 550 (Surra et al,,
13% w/w VS MCW (w/W): 0.5: pH: 8.0; HRT: 13 d 2018b)
10% MCW w/v; pH: 9.8; T: 23 °C; RT:
4h
54% w /w Dairy Manure Ground to 40 mm Batch SS-AD; T: 35+1 °C; nr 15.0 (Y. Li et al,
33% w/w Maize Stover C/N:22.4; 2015)
13% w /w Tomato Wastes HRT:45d
36% w/w Dairy Manure Ground to 40 mm Batch SS-AD; T: 35+1 °C; nr 375 (Li et al., 2018)
24% w /w Corn Straw C/N:14.1; HRT:35d
40% w/w Tomato Wastes
70% w/w TS Swine Manure Ground to 1 mm Batch; T: 5542 °C; pH: §; 203 64.6 (T. Zhang et
30% w/w TS Maize Stover HRT:35d al., 2015)
" Anaerobic Stabilized Sludge; ¥ Hydraulic Retention Time; ®' Assuming Que,=1.15 kg/m?, STP, and VS ..., =95.8% TS ; ' Calculated assuming CH, content= 54.5% ; "

Reaction Time; ! not referred
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2.4.2 Factors affecting AcoD of MCW

The most important factors that affect the AcoD of MCW are the same as
for other organic lignocellulosic wastes, namely (i) C/N ratio, (ii) pH, (iii) OLR,
and (iv) macro- and micro-nutrients (Deublein and Steinhauser, 2010). All these
factors are interlinked and are affected themselves by concentrations of the total
and individual VFAs, Total Ammonia Nitrogen (TAN), free Ammonia (NH3),

Ammonium Nitrogen (NH4"), and H2.

2.4.2.1 C/N ratio

Being C and N two macro-nutrients necessary for cell growth, the C/N ratio
in the substrate is an important parameter for AD process. A high C/N ratio
means the lack of nitrogen, which can be due eventually to the lack of proteins
and /or of their solubilization. It reflects low concentrations of TAN and can be
related to VFAs accumulation, causing an unavoidable acidification of the me-
dium.

At very high C/N ratios, pH can decrease significantly, and the AD process
becomes unstable. In this case, the addition of a co-substrate rich in N is necessary
to balance the process. Low C/N ratios may result in N-accumulation in the form

of aqueous NH4*, which can be toxic for methanogens.

The optimal C/N ratio for AD ranges between 20 and 30, with an optimal
value of 25 (Ning et al., 2019; X. Wang et al., 2012). Maize cob is characterized by
a typical C/N ratio of approximately 50, thus the use of a N-rich co-substrate is
recommended.

2.4.2.2 pH

Methanogenesis is more efficient at a pH range of 6.5-8.2. In one-stage di-
gesters, the optimal pH is around 7.0 to favour methanogenic bacteria
(Kondusamy and Kalamdhad, 2014).

The digesters are naturally buffered if the pH of the feedstock is kept
between 6.5 and 7.5. pH values lower than 6.5 or higher than 8.2 inhibit AD (Jain
et al., 2015). pH values lower than 5.5 cause the accumulation of VFAs. A good
strategy to control the pH, in the case of the AcoD of MCW, is to separate the
hydrolysis/acidogenesis and acetogenesis/methanogenesis stages in a two-stage
anaerobic process (Demirer and Othma, 2008; Kondusamy and Kalamdhad,
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2014). Careful dosage of the substrate to control abrupt pH changes and accumu-
lation of VFAs may avoid inhibitory effects (Hutiian, 2016).

Surra et al. (2018a) observed that an increment of 15% in OLR with splin-
tered MCW, during the AcoD with OFMSW, produced an initial slight pH de-
crease after each bioreactor feeding (from 8.2 to 7.5). Nevertheless, the system
recovered again to its natural pH of 8.2 just after 2-3 hours, without any apparent
short-term inhibition of the AcoD process. A different behaviour is, however re-
ported in the literature for long-term AD of maize silage used as single substrate.
Lebuhn et al. (2008) observed that, even at a low OLR (2 g VS/L.d), a long-term
acidification in continuously-stirred AD bioreactor occurs. Similarly, Huttian
(2016) observed that the anaerobic biodegradation of maize silage as a single
substrate is an unstable process, due to its low alkalinity that must be
compensated by pH adjustment or with other co-substrate.

2.4.2.3 Organic Loading Rate (OLR)

If a high OLR is applied to the bioreactor, VFA accumulation may occur in
the early stages of fermentation, leading to acidification and causing methano-
genic inhibition (Mao et al., 2015).

The optimal OLR depends on the type and size of bioreactor, its sophistica-
tion level of control, but also on the type of substrate used and temperature under
which the bioreactor is operated (Veldsquez-Pifias et al., 2018). At lab scale, the

optimal OLR range for mesophilic bioreactors is within 2.5-5.0 kg VS/(m?>.d) for

maize wastes. The maximum OLR allowed in a specific AD system is conditioned
by the changes caused in AD critical factors, such as VFAs, pH, Total Alkalinity,
and TAN. The type of substrate or even co-substrate used and thermal conditions
applied (mesophilic or thermophilic) affect the maximum OLR allowed.
Additionally, the relation between the activity of methanogens and activity of
carbon dioxide producers, at different OLR values, is important to define the
optimal OLR (Owamah and Izinyon, 2015).

Owamah and Izinyon (2015) observed that during AcoD of 75% w /w food
waste with 25% w/w maize husk, under mesophilic conditions, the gradual in-
crease of OLR from 1 to 4.5 g VS/(L.d) enhanced the digester stability, due to the
increase of TAN that acted as a buffer. These authors found that the OLR of 4.5 g
VS/(L.d) allowed higher methane yield than that of 3.5 g VS/(L.d). Similar re-
sults were obtained by Li et al. (2014b) that found an optimal OLR for AcoD of
chicken manure and maize stover of 4.0 g VS/L.d. OLR higher than 6.0 kg

VS/(m3.d) at lab scale caused a decrease in the specific biogas production
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(Hutnan, 2016). At lab scale, Surra et al. (2018b) observed an enhancement in
biogas and methane yields with an OLR of 2.48 kg VS/(m?.d), under thermo-

philic conditions and in the presence of 13% VS MCW and 87% VS OFMSW (Ta-
ble 2.3).

2.4.2.4 Macro- and Micro-Nutrients

Macronutrients, such as P, N, S, K, and Mg are fundamental for AD pro-
cesses, but some of them also play an important role as buffering agents. Micro-
nutrients, such as Fe, Ni, Mo, Co, W, and Se, are crucial co-factors in many enzy-
matic reactions involved in the AD process (Lo et al., 2012; Schattauer et al., 2011).
The optimal C/N/P/S ratio found during AD was of 600:15:5:1 (Mao et al., 2015),

and the optimal C/N/P ratio for CHy yield enhancement was reported to be

200:5:1 (Ayeni and Daramola, 2017). MCW is characterized by 410 g C/kg MCW,
0.04 g P/kg 620 MCW, 0.2 g S/kg MCW, 7.6 g K/kg MCW, and 3.0 g Mg/kg
MCW (Nogueira, 2017), which can be a potential positive contribution of its use
as an AD nutrient demand, namely in what concerns to C, K, Mg and S contents.

2.4.2.5 VFA and Alkalinity Ratio

VFAs are short-chained volatile organic acids, such as acetic, propionic, bu-
tyric, and valeric acids. They are produced during the AD acidogenic phase as
intermediate metabolites. The accumulation of VFAs causes the methanogenesis
inhibition (Batstone et al., 2002; Lapa et al., 2017) and can be related to a substrate
overload (Ward et al.,, 2008). The alkalinity ratio contributes for the buffer
capacity of the bioreactor content (Batstone et al., 2002; Lapa et al., 2017). A de-
crease in the buffering capacity caused by the accumulation of VFAs comes
earlier than the pH decrease. Therefore,, VFAs/alkalinity ratio is a reliable pa-
rameter for monitoring AD process imbalance (Song et al., 2004; T. Zhang et al,,
2015; Zhao and Kugel, 1996). The recommended total VFAs and VFA / Alkalinity
ratio for a stable AD process are below 1000 mg/L and 0.3, respectively (Lapa et
al., 2017).

The stability of an AD process, in terms of VFA accumulation and alkalinity,
depends mainly on the type of substrate used and relative percentages of
different co-substrates. Owamah and Izinyon (2015) achieved the AD stability in
a bioreactor that was kept with a VFA /alkalinity ratio in a range of 0.06-0.22 with
75% food waste and 25% maize husk. Zhang et al., (2015) obtained a VFA /alka-
linity ratio lower that 0.4 during the digestion (Hydraulic Retention Time, HRT
= 35 days) of 70% swine manure and 30% maize stalk. In this case, when the
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percentage of swine manure decreased, the VFA /alkalinity ratio increased, and
the system lost the buffer capacity.

2.4.2.6 Ammonium Nitrogen and Free Ammonia

Ammonia (NHj3) is the end-product of anaerobic digestion for proteins,
urea and nucleic acids (Yenigiin and Demirel, 2013). In the anaerobic digester,
NHj3 is present in solution in the form of ammonium nitrogen (NH4") and free
ammonia (NH3 aq); these two species of nitrogen are in a pH-dependent equilib-
rium (Wu et al., 2016).

Although ammonia is important for bacterial growth at a low concentra-
tion, high concentrations of NHz and NH4 " can inhibit the AD process (Rajagopal
et al., 2013). NHj3 aq is considered to be the main cause of metabolic inhibition of
bacteria, as it freely crosses the cell membranes. The adaptation of anaerobic

bacteria is a key factor to avoid process imbalance by NH3 5q (Drosg, 2013).

Total Ammonia Nitrogen (TAN) (i.e., NH;, aqt NH4") is reported to present

concentrations of 1700-1800 mg /L (Melbinger et al., 1971), 3000 mg/L (McCarty,
1964), and 3300 mg/L (Hobson and Shaw, 1976). Acclimated inocula may toler-
ate concentrations of TAN up to 5000 mg/L (Drosg, 2013). Thermophilic AcoD
of maize silage and pig manure, with ammonia adapted bio-consortium with-
stood the critical TAN concentration of 5500 mg/L (Lindorfer et al.,, 2008).

McCarty and McKinney (1961) proposed that NHj,,, in solution is the chemical
species responsible for inhibition/toxicity rather than NH4". These authors also
found that 150 mg/L NHj,,q was completely inhibitory to AD. NH3 aq inhibition

is dependent not only on the NH4" concentration, but also on the medium tem-
perature (Lindorfer et al., 2008) and pH (Drosg, 2013).

According to Drosg (2013), it is preferable to monitor NHy" rather than

NH3,aq to assess the ammonia inhibition in an anaerobic digester, because the

quantification of the latter is strongly dependent on the accurate determination
of pH (pH accuracy <0.02 units). Additionally, even if a high concentration of

NH4" can lead to inhibitory concentration of NHg,aq, at the same time, it may

increase the buffer capacity of the digester. This favours the system tolerance to
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high NH4" concentrations, although the AD system becomes more sensible to
small changes of pH and OLR.

Hutian (2016) observed that the long-term operation of a lab-scale anaero-
bic reactor (4 L) fed with maize silage was affected by significant instability due
to the weak ammonia buffer capacity (NH3/NHy4) and the lack of nitrogen as

nutrient. The addition of a co-substrate with higher nitrogen content, such as
sewage sludge or animal manure should be used to correct this instability.

2.4.2.7 Hydrogen

Hydrogen is an intermediate metabolite, being produced at various stages
of the AD process. H2 concentration must be kept below 100 ppm to maintain
the process stability. The change in H2 concentration occurs before the change in
VFA or VFA /alkalinity ratio. Therefore, H2 is an earlier indicator of ongoing in-
stability on the process than VFA and alkalinity ratio (Drosg, 2013).

2.4.3  Future challenges

The anaerobic digestion of co-substrates is a topic that still needs future re-
search, since optimal substrates for anaerobic digestion are difficult to find. To
assess the local organic substrates available in place, evaluate their compatibility
and synergetic effects for anaerobic digestion, and quantify their supply cost to
an AcoD plant, are important research topics to follow to obtain a sustainable

production of biogas and bioCHg.

2.5 BioCH4Quality Standards

The nature of substrate and operational conditions used during the AD de-
termine the chemical composition of biogas, including CH4 and CO; contents, as
well as the type and concentration of contaminants (Angelidaki et al., 2018).

Biogas conditioning and upgrading to bioCHy aims to increase the CH4 con-
tent to a certain standard quality (97% v/v), separating CO, and removing spe-
cific poisoning trace contaminants, such as HzS. The final objective herein is to

enable bioCHy injection into the NG grids for consumer usage or its application

in the transportation sector as biofuel.
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Until 2016, European countries based their national standards of bioCH on
national specifications for NG. However, due to the increase of bioCH, produc-
tion and the growing number of vehicles fuelled by NG, new regulations and

technical security standards were required to allow easier trade of bioCH,.

In November 2016, the European Committee for Standardization (CEN)
published the specification for bioCH, devoted to grid injection (EN 16723-
1:2016) and for its use as automotive fuel (EN 16723-2:2016) (Wellinger, 2017).
The common parameters, such as methane number (MN), H,S and carbonyl sul-
phide (as sulphur) contents, hydrocarbons dew point, CO, content, among

others, were referred to the quality requirements of NG, standardized in EN
16726:2015 (Gas infrastructure — Quality of gas — Groups H and L). The standards
EN16723-1 and EN16723- 2 were accepted by the European member-states in Au-
gust 2016 and March 2017, respectively.

Table 2.4 and 2.5 show the bioCH, quality standards included in EN16723-

1 and EN 16723-2. According to the current standard, CO; concentration allowed

at NG grid entry and interconnection points cannot exceed 4.0% v/v. A lower
limit must be defined if the installation sensitiveness is higher (e.g. underground

storage systems). Regarding H»S and carbonyl sulphide, the maximum allowed

threshold is 5 mg/m? (3.89 ppm), for both grid injection and automotive fuel.

Table 2.4 : Applicable common requirements and test methods for bioCHy at the entry
point into H and L gas grids

. EN16723-1
Component Unit Min Max Test Method
Tvs 1 mg Silicone /m> 0.3-1121 ENISO 16017- 1:2000
g(i)lmpressor free 1SO 8573-2:2007
Dust free ISO 8573-4:2001
CO % mol - 0.10 EN ISO 6974 series
NHj mg/ m3 - 10 EN 2826:1999 or VDI 3496 Blatt
1- 1982-04 NF X 43- 303:2011
Amine mg / m3 - 10 VDI 2467 Blatt 2:1991-08

" Total Volatile Silicone; ¥ Pure and diluted, respectively
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Table 2.5: Requirements, limit values and related test methods for natural gas and

bioCHy as automotive fuels with normal Methane Number grade

EN16723-2

Component Unit Min  Max Test Method

Tvs [ mg Silicone /m° 0.10-0.50 21 SP test Method

H, % mol /mol 2.00 EN ISO: 6874-3, 6874-6, 6975

HC . [38] e - -2 EN 1ISO: 23874, ISO/TR:
dewpoint 11150, 12148

O, % mol/mol 1.00 EN ISO: 6974 series, 6975

HS+COS mg/m: 5.00 EN ISO: 6326-1 6326-3, 19739

CO, % mol 250 404 EN ISO 6974, 6975

Total sulphur mg S/m nd nd B EN ISO: 63265, 19739

Methane Number Index 65.0 - EN ISO 16726 (Annex A)

Compressor Oil Free EN ISO: 85732

Dust Free EN ISO: 85734

Amine mg/m3 10.0 VDI 2467 Blatt 2:1991-08

H,0 dewpoint °C -10.0  -30.0 EN ISO 6327, (20000 kPa)

" Total Volatile Silicone; ¥ Pure and diluted, respectively; * From 0.1 to 7 MPa absolute pressure;

“' A more restrictive limit may be applied, when the gas does flows to installations sensitive to higher levels
of CO;; "' nd: not defined. Neither an upper limit nor a lower limit for total sulphur were defined. Currently,
there is a difference between the automotive industry needs (10 mg S/m’ including odorisation) and the

values that the industry can provide (30 mg S/m’ including odorisation).

2.6 Activated Carbons from MCW for Biogas
Conditioning and Upgrading

Among the different techniques that can be used to remove H,S and CO,

from biogas, the adsorption-based technology using ACs is considered a safe,
reliable and an environmental friendly technique (Kéchermann et al., 2015).

Wang et al. (2010) suggested that MCW can be a potential precursor to pro-
duce ACs, since the obtained adsorbent materials may present high surface areas
and a well-developed micro and meso porosities. Moreover, the surface of ACs
could be functionalized in order to increase their adsorption capacity for the tar-
get adsorbates. As mentioned before, MCW is a lignocellulosic biomass
characterized by high carbon content (40-45% w/w) and low percentage of ashes
(about 1-2% w/w), which makes it an adequate precursor for ACs (Nogueira,
2017).

36



CHAPTER 2

2.6.1 H,SRemoval

The mechanisms ruling the sorption of H>S onto ACs may be quite complex

and strongly dependent on both the adsorbents, and biogas properties, as well
as the operating conditions used during the sorption process (Nowicki et al.,
2016).

Physisorption (pore filling) and chemisorption (H2S dissociation, oxidation
and metallic reduction/sulfidation) might be involved individually or combined
in HpS removal (Bamdad et al., 2018; Castrillon et al., 2016; Hervy et al., 2018).

In order to enhance the HS adsorption capacity, ACs can be impregnated

with alkalis, as sodium (Bagreev and Bandosz, 2002) and potassium
(Kazmierczak-Razna et al., 2013) hydroxides, potassium iodine (Choi et al., 2008),
potassium carbonate (Castrillon et al., 2016), or with several metal oxides (de
Falco et al., 2017; Inoue and Matsumoto, 2017). These agents can increase up to

10 times the H»S loading capacity of ACs, when compared with non-impregnated
ACs (Bailén Allegue and Hinge, 2014). This is mainly due to oxidation or sulfi-
dation reactions.

Moreover, nitrogen functionalities in porous carbon materials confer basic
character to the carbon surface, enhancing the dissociation of H»S to HS™ ions,

which are subsequently oxidized to elemental sulphur (Seredych and Bandosz,
2008).

Koéchermann et al. (2015) reported that the adsorption of HyS onto ACs
without chemical agents proceeds solely by physisorption, while impregnated

ACs with different agents, such as NaOH, CuO, KI, and K>COs3, can react with
H,S through catalytic oxidation in the presence of oxygen. In the absence of oxy-

gen, catalytic oxidation does not occur, and H»S is physisorbed.

Bouzaza et al. (2004) found that the oxidation of H»S on carbon fibres occurs

under dry atmosphere and without oxygen, due to the presence of oxygen
functional groups at carbon fibre surface. Feng et al. (2005) confirmed this obser-
vation with oxidized carbon fibres, demonstrating that oxygen functionalities

can act as active sites for H»S oxidation.
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Guo et al. (2007) found that the physisorbed H»S by ACs produced through
physical activation of oil palm could be completely desorbed at room tempera-

ture. However, an AC chemically activated with KOH and HSO4 required high

temperatures for HpS desorption, suggesting that chemisorption occurred.

Shen et al. (2018) employed the Density Functional Theory (DFT) to inves-

tigate the adsorption mechanisms of H>S onto ACs. These authors found that
these carbon materials favoured the dissociation of HyS and offered active sites

for adsorption. It was suggested that the direct adsorption of H»S leads to the

formations of C-S or C-SH on the surface of the ACs followed by their evolution
into stable C-S-C species.

Few attempts were done to producing ACs from MCW for H,S removal;

some studies were based on physical activation (Kazmierczak-Razna et al., 2013;
Nowicki et al., 2016) and others on chemical activation (Nowicki et al., 2016).
Hoewver, more attempts were performed with other biomass wastes, such as co-
conut shells (Choo et al., 2013), cherry stones, coffee and tobacco wastes (Nowicki
et al., 2016), rice husk (Nam et al., 2018), sewage sludge and fish wastes (Ansari
et al., 2005; Wallace et al., 2014). Table 2.6 presents a comparison between ACs

produced from MCW and from other biomass wastes for H»S removal.

Nowicki et al. (2016) tested the H)S adsorption capacity of physical and

chemical activated carbons and concluded that, independently of the precursor
used (cherry stones, coffee or tobacco wastes) and the activation method, the

lowest H)S adsorption capacities were observed under dry conditions (barely ex-
ceeded 20 mg/g (Table 2.6). High surface areas and high mineral content were
not enough for an effective HyS removal without a previous moistening process

of the gaseous stream (70% moisture content). These results were also confirmed
by Kazmierczak-Razna et al. (2013), where it was observed that the presence of

water dramatically enhances the H»S adsorption capacity of ACs.
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Table 2.6: Comparison of ACs prepared from MCW and other biomass wastes for HpS removal.

H.S adsorption capacity

o ) References
Precursor gﬁirlgﬁéuzatlon €O Activation conditions SB;T Vto“;l ! mg/g
m’/g cm? pre-
8 dry wet humidified
MCW 495 0.30 27.9 119 88.8
Cherry stones 800 °C for 0.5 h 347 0.21 0.60 1.10 1.30
Coffee wastes (IS @) (CO,, 0.25 L/min) 28.0 0.04 11.8 150 119
Tobacco wastes (IS) 202 0.14 6.70 19.0 21.0
MCW 941 0.54 8.60 17.4 13.3 s s
o (Nowicki et al.,
Cherry stones 700°Cfor1h 17<(£Hcc}f$: ((’Vi }‘W) _,q 1181 066 700 860 9.80 2016) 3!
Coffee wastes (IS) (Argon, 0.17 L /min) ( Argo.n, 033 L/min) 1436 0.95 470  7.20 9.20
Tobacco wastes (IS) 1201 0.73 3.70 76.3 64.7
MCW 429 0.23 447 159 122
Cherry stones 800 °C for 0.5 h 472 0.28 830 172 19.5
Coffee wastes (IS) (CO,, 0.25 L/min) 23 0.03 6.00 198 216
Tobacco wastes (IS) 74 0.07 13.0 158 178
800 °C for 0.5 h
500 °C for 1 h | (CO, 0.25 L /min) 352 0.21 16.5 18.0 10.8
(Argon, 0.17L/min) = "0.5h- L 566 033 195 451 5.00 (Kazmierczak-
KOH:char (w/w) = 2:1 Raz
MCW azna et al,
800°Cfor 0.5k 1213 063 500 680 295 2013) 14!
800 °C for 1 h (COy, 0.25 L/ min) ‘ ‘ ‘ ‘
(Argon, 0.17L/min)  g5h
KOH:char (w/w) = 2:1 747 0.40 4.10 6.30 4.70
Coconut shell Sa‘;g‘oﬁemal activated _ 877 046 106  27.0 122 (Seredych and
Grape seed Not referred - 740 0.47 100 31.0 152 Bandosz, 2006)

MV.,.: Total pore volume; ™ IS: Industrial source; ' H.S adsorption capacity calculated for a breakthrough of 100 ppmv H.S; “ Breakthrough at 100 ppmv H.S; ® Breakthrough

at 350 ppmv HS.

39



CHAPTER 2

These authors found that physically activated MCW produced ACs with a
H)S adsorption capacity of 45.1 mg/g under wet conditions, which was 2.3-fold
higher than that obtained at dry conditions (19.5 mg/g) (Table 2.6).

Seredych and Bandosz (2006) observed that the role of water in H»S adsorp-
tion is different whenever the ACs are exposed to moistened gas or pre-humidi-
fied one (air with 70% moisture content, during 2 h). These authors concluded
that the best adsorption capacities are obtained when the pre-moistening of the

carbon adsorbents was done and no water was added to the gas mixture
(Seredych and Bandosz, 2006).

2.6.2 CO,; Removal

ACs are highly promising adsorbents for the separation of CO2 from
gaseous streams (Rashidi et al., 2016). Adsorption of CO2 onto ACs can occur by
physisorption or by chemisorption. The ACs that act through physisorption can
be regenerated (at high temperature and / or low pressure), reducing significantly
the operation costs. These ACs should provide (i) high surface area, (ii)
considerable microporous volume, (iii) adequate adsorption capacity, (iv) suffi-
ciently large pore network for efficient kinetics (Do, 1998), (v) high selectivity
towards CO2 (Grande, 2011), and (vi) a regeneration capacity that allows them
operating in multiple cycles in a wide range of temperatures and pressures
(Keramati and Ghoreyshi, 2014).

To increase the adsorption capacity of CO2, ACs can be functionalized with
nitrogen groups (Keramati and Ghoreyshi, 2014; Pevida et al., 2008; Tiwari et al.,
2018), ionic liquids (Yusuf et al., 2017) or Deep Eutectic Solvents (DES) (Zulkurnai
et al., 2017). These functionalization’s can promote strong or irreversible interac-
tions between the functional groups and CO2, favouring chemisorption. In this
case, the ACs lose their regenerative properties, increasing the costs associated to
landfilling.

Table 2.7 presents a comparison between ACs produced from agricul-
tural/forest biomasses and MCW for CO,/CHjy separation. Agricultural and

forest residues are attractive precursors of ACs for CO, removal, due to their

high availability and low cost (Alvarez-Gutiérrez et al., 2017; Durén et al., 2018).
Cherry stone-based ACs demonstrated high potential for biogas upgrading as
well as coconut shells (Vilella et al., 2017), pine sawdust (Durédn et al., 2018), and
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olive stone (Alvarez-Gutiérrez et al., 2014). Considerable CO» uptakes were also
observed with date seed (Ogungbenro et al., 2018) and MCW (Song et al., 2013).

For industrial application, the adsorbents produced from the mentioned
biomasses have to exhibit not only a high CO; adsorption capacity and selectiv-
ity, but also rapid adsorption/desorption rates. Alvarez-Gutiérrez et al. (2017)
observed that the adsorption rate constants, ka, increased with the increasing of

CO; concentration, being the mass transfer during the adsorption of CO; ruled

by a diffusion-based process involving film diffusion and intra-particle diffusion.

CO,/CHy separation at atmospheric pressure onto ACs produced from

pine sawdust (Durdn et al., 2018) was affected by the presence of both water va-
por in the biogas stream and a pre-saturated adsorbent material. Under mois-

tened biogas (wet conditions), the CO, uptake decreased in comparison with the
dry experiments. However, despite the lower CO; uptake under wet conditions
and in the presence of a pre-saturated adsorbent, the CO; selectivity increased.

This result suggests the potential of this adsorbent to be used for CO, separation

from real biogas not submitted to any preliminary water removal conditioning
step (Table 2.7).

2.6.3  Future Challenges

Further studies concerning the development of MCW-derived ACs for HpS
removal from biogas streams are needed. The challenge is in the increase of ACs
adsorption capacity of H»S by limiting the addition of air/oxygen and / or water,
since these compounds are problematic for the biogas upgrading technologies.

To authors” knowledge, no studies are available in the literature regarding
the use of MCW as precursor to produce adsorbents for cyclic CO, adsorption-

based separation technologies, such PSA. More work can be done in this field, in
order to integrate the use of MCW in biogas purification technologies
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Table 2.7: Comparison of ACs prepared from agricultural and forest residues for CO, removal.

Carbonization Type of Acti-
Precursor and activation vation/ SBET Viotal” COp/CHy P T Selectivity COy CHy Ref.
conditions Catalyst
mz/g Cm3/g % v|v bar °C mmol/g
Physical and 30/70 1.04 0.68
Very  complex Chemical / 998  0.53 50/50 1 30 1.49 0.37 (Alvarez-
Cherry process; please, H20 65/35 2] 2.12 0.47 Gutiérrez
stones see (Gil et al, Physical and .= (g 30/70 nr 1.18 071 ot  al,
2013) Chemical/ ' 50/50 1.63 0.47 2017)
CO»y 65/35 1.98 0.39
Very complex ) 3 - 2.89 1.45
Cherry process;  please, Physical / 903 0.34 6 3.29 4.04 2.09 ‘
stones see (Gonzilez et CO, : 10 3.15 4.97 2.66 (Alvarez-
al., 2013) 50/50 _18 2.89 6.04 339  Gutiérrez
Ol Very Conllplex Physical and 2 3'2 g %;g %gé et al.,
ive process;  please, Chemical/ . . .
stones see (Gil et al, 925 0.33 10 3.13 4.51 2.36 2014)
2013) H0 18 2.84 5.34 2.94
4.51(d) ! 1.44(d)  0.65(d)
30/70 207(w)4l 096 (w)  0.72(w)
i ivati 6.33(w+h) 5] 0.42(w+h) 0.15(w-+h)
. _ Directactivation  physical / (
Line saw- g00°C/1h Y 788 0.34 12 30  523(d) 200(d)  037(d)  (Durdnet
ust CO2 50/50 3.36(w) 1.39(w) 0.43(w) al., 2018)
6.2(w+h) 0.65(w+h) 0.11(w+h)
5.13(d) 2.42(d) 0.26(d)
65 /35 3.09(w) 1.64(w) 0.32(w)
5.89(w+h)  0.78(w+h) 0.08(w+h)
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Table 2.7: Continued. Comparison of ACs prepared from agricultural and forest residues for CO, removal.

Carbonization  Type of
Precursor and activation Activation/ SBeT Viotal”® COp/CHy P T Selectivity CO» CHy Ref.
conditions Catalyst
mz/g cm3/g %v/v bar °C mmol/g
0.87
S}fecﬁ’n“t Direct ~ activa- 1452 0.65 2.20 114 (Vilella et al.,
tion Physical/CO, 30/70 1 20 2017)
Babassu 900°C /140 min 809 0.39 2.64 243 0.92
coconut ) ] ' )
Physical/NZ, 1 1.40 0.85
30 min 1650  0.54
Calcination 2 1.80 1.45
800°C /2h
Chemical 1 1.70 0.05 (Yang et al.,
C}:)Cﬁ)nut 600°C /3h HoPOgAC=12 1990 048 Pure gases 25 ar 2011)
she Calcination 2 2.55 0.15
600°C /2h
KOH:AC=1:4 1 1.20 0.70
v/w
Calcinati 1575  0.53
alcination 2 2.20 1.90
800°C /2h
o Physical /COp i ) (Ogungbenro
Date Seed 900°C /1h 800°C /1h 798 0.28 1 20 3.21 etal, 2018)
MCW 400°C /1h gé‘oyfécj‘lz/ Steam  goq 5 100/0 1.40 . (Song et al,
800°C /2 1 25 - 2013)(Song et
450°C /1h KOH:AC=3:1 1600  0.62 1.50 - al., 2013)

MVtotal: Total pore volume. ® nr: not reported. ®! dry conditions. ¥ wet conditions. ™ wet and pre-hydrated conditions
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2.7 Biogas Upgrading Technologies

Several technologies can be applied to upgrade biogas to bioCH, (Figure 3)
(i) absorption, (ii) adsorption, (iii) membrane permeation, and (iv) cryogenic
technologies (TUV, 2012).

2.7.1 Absorption based Technologies

2.7.1.1 Amine Scrubbing

One of the most used techniques for biogas upgrading applying chemical
absorption is the amine scrubbing. Firstly, CO; passes through the amine solu-
tion and then is stripped by heating the liquid with steam. The most used amines
are methyldietanolamine (MDEA), dietanolamine (DEA), monoethanolamine
(MEA) and primary activated dietanolamine (AMDEA). The advantage of amine
scrubbing is that high CHy purity (>97%) and low CHy loss (<1%) are achieved
(Q. Sun et al., 2015).

Despite of their efficiency, amines present some disadvantages: (i) high
energy intensity, (ii) subsequent compression requirement, (iii) environmental
toxicity, and (iv) requirements of heavy equipment (Scholz et al., 2013).

Amine scrubbers can handle biogas without its pre-treatment. Most of the
H,S and ammonia are dissolved in the amine solution and can be removed dur-
ing regeneration, where there is no strict limitation on air supply (Figure 2.2a).
O,, N, and H, pass through the absorption column together with bioCH, and

must be removed downstream, according to the final gas quality requirements
(Hoyer et al., 2016).

2.7.1.2 Water Scrubbing

Absorption processes through water scrubbing is an alternative to amine
scrubbing. Water scrubbing operates with two columns: in one column, the ab-
sorption stage is performed and in the other column the desorption is done in
phase, with the presence of a flash column in the middle to recover as much as
possible the methane dissolved in the process. Biogas is fed in the first column at
a pressure between 6-8 bar. The water is regenerated by decompression and strip-
ping air into the desorption column.
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Both gas and air pressurization are energy demanding steps that contribute
to increase the overall costs. Water scrubbing can dissolve H,S, ammonia and

some VOCs in water. These contaminants are afterwards released with stripping
air (Figure 2.2b). They must be treated accordingly with the national and regional

legislations. The outcoming CHj is saturated with water, thus it must be dried

up to the required dew point. Moreover, water pH control, anti-foam and bacte-
ricide agents must be added to the process, increasing the overall costs.

One of the main drawbacks of water scrubbing technology is that the selec-
tivity of water in absorbing CO, and CHy is limited, resulting in theoretical CH,

losses of 3—5%, while plant suppliers claim to be only around 2% (Q. Sun et al.,
2015) (Table 2.8).

2.7.1.3 Organic Physical Scrubbing

Organic physical scrubbing (Figure 2.2c) is another absorption-based tech-
nology in which Genosorb® is commonly used; this substance is a mixture of dy-
methylethene and polyethyleneglycol. The solubility of CO, in Genosorb® is
much higher than in water.

The biogas must be pre-compressed to 6-7 bars and cooled down before
entering the absorption column. The solvent is regenerated by heating and no
corrosion effects take place. Also, this solvent can handle H.S, VOCs and ammo-
nia, but its performance is much better if the raw biogas is previously pre-treated
to remove these contaminants. Furthermore, drying and de-oxygenating steps
may have to be included before the final delivery of the stripped-off gas.

2.7.2 Membrane Permeation

Membrane-based separation process for biogas upgrading (Figure 2.2d) is
very attractive, because of its high energy efficiency, processing easiness, high
reliability and small environmental footprint.

Several membrane materials can separate CO,from a biogas stream, namely
polymer or polymeric composite materials, due to their low manufacturing cost
when compared to other inorganic materials (Scholz et al., 2013).

Membrane fibres are continuously being improved to gain better selectivity
and higher permeability with lower methane slip. Membrane technology is
preferentially used when the purity level required for bioCH,is not very high
(<95% v/v) (Table 2.8). Apart from this, other main drawbacks of membrane
technology applied to biogas upgrading is the plasticisation that occurs when
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high CO; partial pressure induces significant sorption of this gasin the polymer
matrix. This increases the polymer chain mobility, enhancing the mass transfer
of all gas species through the membrane, thus reducing its selectivity (Basu et al.,
2010)

BioCH, BioCH,

@@ CO, stream
CO, stream 2
. Water
Amine
@7 Scrubbing crubbing

Condensate H,0 bleed

99,

Figure 2.2a) Amine Scrubbing (absorption- Figure 2.2b) Water Scrubbing (ab-
based technology) sorption-based technology)

BioCH,

BioCH,

Stripped Air : .@ : ; Permeate

Organic Physical Membranes CO, stream
@ @ ScrUbbin j
"

Figure 2.2c) Organic Physical Scrubbing Figure 2.2d) Membrane upgrading
(absorption-based technology) (permeation-based technology)
BioCH, BioCH,

oo G

CO, stream

CO, stream

| Cryogenic

®7
@ W&

Figure 2.2e) Cryogenic upgrading (cryo- Figure 2.2f) Pressure swing adsorp-
genic-based technology) tion (PSA) (adsorption-based technology)

Figure 2.2: Biogas trace component pathways in the different upgrading technologies.
Adapted from Hoyer et al. (2016)

Membranes are sensitive to liquid water, oil and solid particles. VOCs, H,S, and
ammonia may cause acid formation on the membrane surface, thus requiring
their removal prior to biogas upgrading. Biogas shall be maintained below the
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dew point during all the process. Downstream de-oxygenation may be required
according to the quality demands of final use (Hoyer et al., 2016).

Table 2.8: Comparison between different upgrading technologies. Adapted from
CryoPur (2017); Q. Sun et al. (2015); TUV (2012); Kvist and Aryal (2019).

Technology CH, purity CH,slip  Pressure delivery Energy Heat
% bar kWh/Nm?>
Amine scrubbing  97.0-99.0  <1.00 0.00 0.50 a0 g 0.5-1
Water scrubbing ~ 96.0-99.0  2.00 4.00-8-00 0.45-0.90 genges -
Membranes 90.0-95.0 0.50-20.0 4.00-7.00 0.25-0.43 deanges -
Cryogenic 99.5 <0.50 0.00 0.80—-1.54 ceangas -
PSA 95.0-99.0 1.00-3.00 4.00-7.00 0.46 qean gas -

Table 2.9: Capital Costs (CAPX) and operating and maintenance costs (O&M) of
different upgrading technologies. Adapted from Q. Sun et al. (2015).

Capacity CAPX O&M References
Technology . o .
m /h €x10/m'h €cent/m.h
500 3.20 9.00
Ammine 1,000 2.50 (Q.Sunetal., 2015)
1,500 1.80
. 500 3.10 9.10
va;:rjﬂsbbmg 1,000 1.80 (Q. Sun et al.,, 2015)
& 1,500 1.80
500 2.40 6.50-10.1 .
Membranes 1,000 2.00 5.00-7.00 (Bailn Allegue
and Hinge, 2012)
1,500 2.00
Cryogenic 600 2.00 6.10 (Tajima et al., 2004)
500 3.00 6.50-9.20 (Q.Sun et al., 2015)
PSA 1,000 2.00
1,500 1.50

2.7.3 Cryogenic Separation

CO; removal from biogas can be performed through cryogenic separation
(Figure 2.2e). The gas mixture is chilled down to less than -80 °C (T < CO. subli-
mation point) in order to freeze and separate CO, from the biogas stream. The
bioCHs stream is than chilled down to -164 °C (T < CH.boiling point) to be ob-
tained as liquid (bioLNG).

The bioCH, quality obtained from cryogenic separation is higher than that
required for grid injection or automotive fuel. The methane slip is extremely re-
duced and CO; purity obtained allows to use it as a by-product. HsS is removed
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before upgrading in a dedicated de-sulphuring unit, generally through ACs,
while VOCs and water vapor are removed during cooling and condensation. O,
and N are flashed in a bioCH,liquefaction step.

Cryogenic separation generally requires larger equipment than other
established technologies and it is known to be high energy demanding (0.8-1.54
kWh/Nm?) (Table 2.8) (Bauer et al., 2013). However, in October 2017, it was com-
missioned in Northern Ireland the first commercial cryogenic unit based on the
patented CryoPur technology, which is able to produce liquid bioCH, and liquid
CO; characterized by high flexibility and low electric energy consumption (0.6-
0.7 kWh/Nm®) (CryoPur, 2017). According to the last technological
developments, it seems that cryogenic separation is starting to become commer-
cially competitive.

2.7.4  Pressure Swing Adsorption (PSA)

PSA is an adsorption-based technology used already well stablished for H,
CO,, CHs, Ny, and O: separations (Voss, 2005). PSA has been used in the last
decade at full-scale for biogas upgrading (Paolini et al., 2018).

PSA can produce highly pure bioCH, (CH, > 95-99% v/v) with low energy
requirements, when compared to other upgrading technologies (Riboldi and
Bolland, 2015). It is characterized by excellent reliability and good scalability to
medium-small plants (TUV, 2012), allowing adsorbent regeneration that reduces
the environmental impacts and some energy penalties (Riboldi and Bolland,
2017).

PSA operates in cycles of adsorption/desorption onto a solid porous mate-
rial (Kim et al.,, 2015), during which the adsorbent is subjected to pressure
changes to selectively adsorb/desorb the undesired gas components. The
selective adsorption occurs due to the different equilibrium capacities (adsorbent
equilibrium) or due to different uptaking rates (adsorbent kinetics) provided by
the adsorbent used (Augelletti et al., 2017; D. Ruthven et al., 1994).

The basic PSA Skartstrom cycle includes 4 steps (pressurization, adsorp-
tion, blowdown, and purge) (D. Ruthven et al.,, 1994). Biogas is fed into the
columns at a pressure that ranges from 6 to 10 bar; CO; (heaviest product) is sep-
arated from CH, (lightest product) during the adsorption step, while CH,is with-
drawn from the column (Esteves, 2005). The bed regeneration is performed
during the blowdown step by reducing the total pressure of the system. Vacuum

or temperature can be additionally used for bed regeneration and CO, complete

desorption; herein, the process is termed Vacuum Swing Adsorption (VSA) or
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Temperature Swing Adsorption (TSA), respectively (Shih-Perng, 1999). The
purge step ca be performed by the lightest product or by an inert gas at low pres-
sure, in order to prepare the adsorbent bed for the next cycle. During the purging
cycle, a less pure heavy by-product is collected.

However, the basic PSA Skarstrom cycle configuration has high CH, slip
and is characterized by some inefficiencies, due to the presence of some CH,and
residual pressure in the blowdown gaseous stream. The addition to this basic
Skarstrom cycle, one or more pressure equalization steps increases the separation
performance and minimizes the energy losses, but also adds complexity to the
process (Riboldi and Bolland, 2015).

A trade-off situation is achieved in PSA units with four-columns employing
up to two pressure equalization steps before the blowdown step (Grande, 2011;
Petersson and Wellinger, 2009). Common adsorbents used in PSA units are ACs,
natural and synthetic zeolites, silica-gel, and carbon molecular sieves. Metal-Or-
ganic Frameworks (MOFs) are gaining consensus as potential alternatives to ACs
(Schell et al., 2013) with promising results (Casas et al., 2013) for PSA application,
although further research and production costs reduction are still largely desira-
ble.

Siriwardane et al. (2001) demonstrated that ACs can provide better perfor-
mances than zeolites when CO, partial pressure is higher than 1.7 bar. However,
further studies are needed to produce ACs with high selectivity and that do not

easily saturate at low CO, pressures to allow their easier regeneration (Riboldi

and Bolland, 2017). The use of renewable biomasses can be of interest to produce
such ACs aiming to reduce the production costs. To authors” knowledge, no PSA
system was studied based on the use of ACs produced from MCW.

Regarding the impurity’s pathway during PSA process (Figure 2.2f), H.S
irreversibly contaminates the adsorbent; therefore, it must be removed upstream
the upgrading process. Likewise, ammonia and VOCs removal are performed in
a pre-conditioning column before the upgrading process. H, goes with the final

product (bioCHy), while Oz and N3 can be removed along with CO,during PSA
(Hoyer et al., 2016). The presence of these latter contaminants reduces the CO,

adsorption capacity of the adsorbent.

From the point of view of the investment and operational and maintenance
(O&M) costs, there is not the “best technology”, because the upgrading cost of all
technologies is quite similar, decreasing only with the increase of plant capacity
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(Bauer et al., 2013; Petersson and Wellinger, 2009). Bauer et al. (2013) stated that
the energy required to upgrade 1 m®of biogas is approximately 0.2-0.3 KWh.

The selection of an upgrading technology for biogas depends mainly on (i)
local factors, (ii) state of investigation, (iii) economic resources available, and (iv)
biogas quality that must be upgraded.

2.7.5 Future Challenges

The biogas upgrading technologies are well stablished and available at in-
dustrial scale. Nevertheless, further studies on new materials for scrubbing, per-
meation and adsorption are needed, in order to improve the efficiency of these
technologies, promote their economic sustainability and contribute for the recy-
cling of by-products from agriculture and industrial sectors under the concept of
Circular Economy.

2.8 Future challenges for the contribution of MCW to
bioCH4 market

By the end of 2015, there were 430 bioCH, plants in the International Energy

Agency (IEA) Task 37-member countries, with 188 plants in Germany, 59 in Swe-
den, 50 in the United Kingdom and 29 in Switzerland. Germany remains the

leader in this sector, with 185 bioCH, plants and 10,846 biogas plants (Hoyer et
al., 2016).

BioCH, potential is estimated to increase from 300 x 108 Nm®/ y in 2010, up
to 18,000 x 10° N m3/y in 2030 (EBA, 2015), suggesting that bioCH, is a consoli-

dated marked with a positive trend that will continue in the near future (URL2,
2016). Therefore, opportunities for integrating bioCHy, particularly in Europe

and USA, are rising due to the spread of infrastructures for compressed natural
gas (CNG) vehicles and fuel stations. The introduction of the European quality
standard for bioCHy injection in NG grid networks, as well as for its use as auto-

motive fuel, will contribute to its full integration into the traditional markets.

The maize silage is yet one of the most used lignocellulosic substrates cur-
rently used in biogas industry, although it comes, in most of the cases, from
dedicated energy crops that inevitably compete with the arable land availability
for food production. The substitution of maize silage for MCW as co-substrate
for AD can contribute positively to a better integrated management of crops
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through residual waste valorisation, thus reducing negative environmental im-
pacts currently associated with energy crops. Additionally, the use of MCW to
produce ACs for biogas conditioning and upgrading will allow as well to inte-
grate and close the cycle of the proposed biorefinery, with the development of
high added-value sub-products, such as activated carbons of different grade.
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Pre-Treatment and Anaerobic
co-Digestion of MCW with OFMSW

3.1 Introduction

As reviewed in the previous Chapter 2, several pre-treatments may be ap-
plied to MCW prior to AD with the aim of enhancing biogas and methane yields
during AcoD.

Mechanical pre-treatments are energy demanding, but in most of the cases
an initial size reduction seems an important step before any submission of MCW
to AD (Chongkhong and Tongurai, 2014 ; Y. Zheng et al., 2014).

Thermal and thermo-chemical pre-treatments can be very effective,
although according to the temperature and to the catalyst chosen, the formation
of inhibitors, in concentrations that can be detrimental for methanogens, may oc-
cur. Microwave Irradiation, as a non-conventional heating source, heats MCW
uniformly, quickly and can help to avoid large temperature gradients, limiting
the formation of inhibitors (Li et al., 2016).

If a strict chemical pre-treatment is applied, the choice of the catalyst is cru-
cial for the economic viability of the process. Among the catalysts that may be
used for MCW pre-treatment, NaOH is the most tested due to its high efficiency
and low cost. Recently, the High Boling Solvents, as glycerol, were recognized by
some authors to have a high solubilization potential and due to their capacity to
remain liquid at high temperatures (Diaz et al., 2015; Moretti De Souza et al.,

2014). Finally, HO; can be considered as one of the most suitable catalysts for

improving the methane yield on lignocellulosic biomass, due to its effectiveness
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without producing any significant inhibition to the AD process, and to its rela-
tively low cost (Banerjee et al., 2012; Song et al., 2014).

Several studies are available in literature on AcoD of maize waste (Table
2.3). Owamah and Izinyon (2015) demonstrated that maize waste can enhance
biogas and methane yields when used as co-substrate along with food waste,
while Ramos-Sudrez et al (2017) observed that oxidative pre-treatments on maize
straw can enhance biogas and methane yields. On the other hand, Hutiian (2016)
showed that the presence of standalone maize wastes submitted to size reduction
without any other pre-treatment, provides biogas yields comparable to those ob-
tained with pre-treated maize wastes, suggesting that the use of a pre-treatment
prior to AcoD is not a guarantee of biogas and methane yields enhancement.

In this Section, the efficiency of selected pre-treatments of MCW are studied
towards the enhancement of biogas and methane yields during AcoD with pre-
hydrolysed OFMSW (hOFMSW). For this purpose, microwave irradiation (MW)

catalysed by NaOH, glycerol and HyO», along with a room temperature chemical

pre-treatment catalysed by HoO, were tested.

This Section represents the development of the Task 2 of this work.

3.2 Material and Methods

3.2.1 Feedstock

For the laboratory assays, a pre-hydrolysed OFMSW (hOFMSW) was used.
This hOFMSW was collected from the hydrolysis tank of a Portuguese AD plant,
located in Lisbon region. This AD plant collects the OFMSW from canteens,
restaurants and malls. The hOFMSW was stored at 4 °C in glass bottle until use.
Samples of the hOFMSW were collected with an adequate frequency to guaran-
tee the freshness of the organic matter along the studies.

MCW was collected from a local farmer located in Coruche area, in Lisbon
surroundings. The MCW was air-dried to a final moisture content of 13% w/w
and then ground to particles of size within the range of 2-4 mm through a Retsch
SM 2000 mill. The grounded MCW was then stored in closed plastic bins at 4 °C
to be used later on.
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3.2.2 Feedstock Characterisation

3.2.2.1 hOFMSW

The characterization of hOFMSW included the following parameters: Total
Solids (TS), Ashes and Volatile Solids (VS) (method 2540); total Chemical Oxygen
Demand (tCOD) and soluble Chemical Oxygen Demand (sCOD)(method 5220
B)(APHA et al., 2005) Total Kjeldal Nitrogen (TKN) (method ISO 5663:1984), Am-
monium Nitrogen (NH4-N) (method ISO 5664:1984), and Organic Nitrogen (o-

N); phosphorus (P) (method ISO 6878:2004); Elemental Analysis (EA); Volatile
Fatty Acids (VFAs) as Acetic Acid (AA), Formic Acid (FA), Propionic Acid (PA)
and Butyric Acid (BA). Each determination was performed in duplicate.

EA was performed on the dried hOFMSW (2h at 105 °C £1 °C) in a Thermo
Finnigan Elemental Analyzer - CE Instruments, model Flash EA 1112 (CHNS).
VFAs were analysed with a HPLC system (Dionex ICS3000, USA) equipped with
Biorad Aminex 87H column, pre-column and UV detector at 210 nm. The eluent

used was H»>SO4 10 mN, with a flow rate of 0.6 ml/min, at 30 °C. The characteri-
sation of the hOFMSW is reported in Table 3.1.

Table 3.1: Characterisation of the hOFMSW (average + standard deviation)

Parameters Units Values
TS % wW/w 5.63 £ 0.45
VS % wW/[w 4.55 £0.35

Ashes % wW/[w 1.09 £ 0.11
tCOD gO2/L 87.7 +4.36
sCOD gO2/L 32.7+1.88
P g/L 0.49 +0.075
TKN g/L 2.87 £ 0.66
NHg-N g/L 1.50 +0.09
o-N g/L 1.37£0.13
C % w/w db 52.2 +7.66
N % w/w db 5.41 +£0.97
H % w/w db 6.93 +0.96

S % w/w db 1.84 +£0.23

TS (5.6%) and VS (4.5%) are relatively low, implying that the lab-scale di-
gester had been operated under the liquid state anaerobic digestion condition (L-
AD). tCOD and sCOD are significantly higher than typical values found in
literature for OFMSW (Cesaro et al., 2012; Cesaro and Belgiorno, 2013).
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The C:N ratio of hOFMSW is 9.6 £0.3, which is considerably lower than the
optimal value (25) for AD according to literature. This shows a low carbon con-
tribution useful for cell structure maintenance (X. Wang et al., 2012).

The ratio C:N:P in hOFMSW is 106:11:1. Again, this ratio presents
unbalanced values of C relatively to the optimum C:N:P ratio for methane yield,
which was reported in literature to be 200:5:1 (Lo et al., 2010).

In the absence of specific references in literature concerning the composi-
tion of hOFMSW, CHNS results obtained in dry basis (db) were compared to the
average values found for OFMSW for 22 European and non-European countries
(Campuzano and Gonzdlez-Martinez, 2016).

C, N and S contents quantified in the present study were 12%, 86% and
613% higher, respectively, than the typical values pointed out for the other coun-
tries. This evidence and the high concentrations of tCOD and sCOD are probably
due to the fact that, in the local plant, the hOFMSW is mixed with anaerobic
sludge pumped back before the hydrolysis take place.

H does not show any significant variation in comparison with literature
(6.93 w/w db vs 6.6% w/w db in the literature) (Campuzano and Gonzdlez-
Martinez, 2016).

3.2.2.2 MCW

The characterization of MCW included the following parameters: moisture
content, TS, Ashes, VS, TKN, NHs-N, o-N, P, EA, lignin, cellulose and hemicel-
lulose. The analytical methodologies were the same as described in the section
above. Lignin, cellulose and hemicellulose contents were assessed according to
the Forage Fibre Analysis included in the 379" Agriculture handbook (Goering
and Van Soest, 1970).

Table 3.2 shows the experimental data obtained from the chemical
characterization of MCW.

Hemicellulose and lignin percentages obtained agree with the data re-
ported in the literature. The cellulose percentage found in this work (29.8% w/w
db) is slightly lower than the typical values present in literature, which range
within 32-46% w/w db (M. Li et al., 2014; Lopez Torres and Ma del C. Espinosa,
2008; Menon and Rao, 2012; Su et al., 2015).
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Table 3.2: Chemical characterisation of the MCW (average + standard deviation).

Parameters Units Values

Cellulose % w/w db 29.8+1.2
Lignin % w/w db 193+1.7
Hemicellulose % w[w db 452 +4.0
Moisture % W[ w 13.0+0.1
TS % w/w 91.0+4.0

VS % w/w 90.0 £4.0
Ashes % W[ w 1.50 + 0.0
TKN g/kg 230+0.7

P g/kg 0.40 £ 0.1

C % w/w db 41.7£0.2
N % w/w db <0.10+£0.0

H % w/w db 5.60 +£0.2

S % w/w db <0.01

db: dry basis
The percentages obtained of C and N (41.7% w/w db and <0.1% w/w db,
Table 3.2), are in good agreement with the literature data (36.8% w/w db and

<1% w/w db) suggesting that MCW is a C-based material that can be used to
improve the efficiency and stability of an AD process (Altintig et al., 2016).

The TKN and P percentages obtained are slightly lower (0.23% w/w db and
0.04% w/w db, respectively) than the one reported in literature (0.33% w/w db
and 0.11% w/w db, respectively) (National Research Cuncil, 1982).

3.2.3 Pre-Treatments of MCWs

In order to remove lignin and solubilise part of the hemicellulose and cel-
lulose into digestible sugars, MCW was submitted to microwave-assisted
chemical pre-treatments and to chemical pre-treatments at room temperature (23

°C) in the presence of different catalysts.

The pre-treatment conditions were chosen based on the best pre-treatment
results reported in literature, trying to optimize them with the final aim of saving
chemicals (NaOH) and energy (exposure time during microwave irradiation).
The pre-treatment conditions applied are reported in the Table 3.3.

For MCW pre-treatments, 0.5 g of grounded MCW was suspended in 40 mL
of different catalyst solutions and then transferred to an Ethos 1600 microwave
system operating at a frequency of 2450 MHz (Milestone Microwave Laboratory
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System, USA). The pre-treatments were performed, at 160 °C of temperature
without stirring during 10 minutes. The chemical pre-treatment was performed
at room temperature without stirring in the presence of 1 g of grounded corncob
and 40 mL of catalyst solution.

Table 3.3: Experimental conditions of the pre-treatment to which MCW was submitted
in the initial screening phase.

?;2; tment Catalyst Catalyst solution T t
°C min
NaOH 2%, 4%, 6%, 10%, 20% wNaOH/wMCW
Glycerol
+ H,0 95% v /v glycerol + 5% v /vHO
Mw! Glycerol ~ 95% v /v glycerol + 5% v/v NaOH (1.0 N) 160 10

+NaOH  95% v /v glycerol + 5% v /v NaOH (1.5 N)

HyOp /MCW(wH20,/wMCW): 0.125, 0.25,
0.5, 1.0; alkaline water (pH 9.8); 2% MCW w /v
Hy0,2/MCW  (wHO, /wMCW): 0.125, 0.25,
0.5, 1.0; alkaline water (pH 9.8); 2% MCW w /v

HyOp

Chemical®> HyOp 23 240

lI Microwave assisted pre-treatment, 2: Chemical pre-treatment at room temperature

All pre-treated samples were filtered through Gooch crucibles under
vacuum (Vacuubrand GMBH, Germany). The remaining solid fraction was dried
at 105 °C, during 2 h, and weighed before being submitted to lignin, cellulose and
hemicellulose quantifications. The liquid fraction was analysed for glucose,
fructose, xylose, arabinose and inhibitors: phenolic compounds, furfural and the
most common hydroxymethilfurfural-5-hydroxymethilfurfural (5-HMF). Dupli-
cates have been analysed to check reproducibility.

Glucose, fructose, xylose and arabinose concentrations were determined
using a High-Performance Liquid Chromatography (HPLC) (ICS 3000 DIONEX)
equipped with DIONEX Carbopac PA10 250x4 mm column, pre-column and
Pulsed Amperometric Detection (PAD). A solution of 18 mM NaOH was used as
mobile phase, at a column temperature of 30 °C.

Phenolic compounds were determined in the liquid phase of the pre-treated
samples by HPLC (Dionex ICS3000, USA) equipped with Waters NovapaK C18
column and pre-column with PDA photodiode array, able to detect at 280 nm,

320 nm e 365 nm, in presence of a methanol gradient in 2% CH3COOH, at 30 °C.
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Furfural and 5-HMF were determined in the liquid phase of the pre-treated
samples by HPLC (Thermo Surveyor and Dionex ICS3000) equipped with Bio-
rad Aminex 87H column, pre-column, and UV 280 nm detector, in the presence

of 10 mN H»SOy, at a flowrate of 0.6 ml/min, at 40 °C.

The pre-treatment that presented the best balance between the highest con-
centration of sugars in the liquid fraction, low inhibitors generation and higher
lignin, cellulose and hemicellulose solubilisation (Prel) was then optimized ac-
cording to the conditions listed in Table 3.4.

The samples obtained in the pre-treatment optimisation were submitted to
the same filtration process and analytical determinations done in the first pre-
treatment phase. After this optimisation phase, the pre-treatment that presented
the best balance in terms of sugars, lignin, cellulose and hemicellulose solubilisa-
tion and inhibitors production was identified as Pre2.

With the aim of assessing the impact of the lignin, cellulose and hemicellu-
lose solubilisation on biogas and methane yields during AcoD, the pre-treatment
that provided the best balance in terms of monomeric sugar solubilisation and
inhibitors production, but characterised by the lowest lignocellulosic biomass
solubilisation, was identified as Pre3.

Table 3.4: Optimisation conditions of the Pre-treatment Pre-1.

Pre-Treatment  Catalyst Catalyst solution T t

°C d

0.5 HpOy / MCW (WH>O2 / wMCW):

alkaline water (pH 9.8); land 2
2% MCW (WMCW /v alkaline water)

0.5 HpOy / MCW (WH>O2 / wMCW):

0.17,1
alkaline water (pH 11.5); and 2
Chemical® HyOp 2% MCW (WMCW /v alkaline water) ’3
0.5 HyOp / MCW (WH>O2 / wMCW): 017 1
alkaline water (pH 9.8); ) an’d é
10% MCW (wMCW /v alkaline water)
0.5 HyOp / MCW (WH>O2 / wMCW): 017 1

alkaline water (pH 11.5); and 2
10% MCW (wMCW /v alkaline water)

1 Chemical: Chemical pre-treatment at room temperature

58



CHAPTER 3

3.2.4 Efficiency Assessment of MCW Pre-treatments

The efficiency assessment of MCW pre-treatments was performed through
the quantification of monosaccharides, phenolic compounds, furfural, 5-HMF,
lignin, cellulose and hemicellulose.

Lignin, cellulose, and hemicellulose removals were calculated according to
Eq. 3.1:

% a after pre — treatmment> (Eq 3.1)
) q 3.

a removal (%) = (1 - % @ im MW
0

where a stands for lignin, cellulose, and hemicellulose percentages,
respectively.

The lignin, cellulose and hemicellulose removals were statistically analysed
through t-Student test and ANOVA (p<0.05) using SPSS IBM software in order
to compare different pre-treatment conditions.

3.2.5 Anaerobic Digestion Assays

AD assays were carried out in a 2.1 L lab-scale stirred reactor (New
Brunswick Scientific, NY, USA), equipped with controlling systems for tempera-
ture, pH (Hanna Instruments HI8711E) and redox potential (Orion, 290A).

The AD assays were carried out under thermophilic conditions (50 °C + 2
°C) at a pH of 8.0. This is the natural value for the anaerobic sludge inoculated in
the digester.

The AD lab unit was inoculated with 500 mL of anaerobic sludge that was
obtained from an industrial scale thermophilic digester. The redox potential was
always below -350 mV. The hOFMSW used in the AD assays is the same used in
the industrial scale digester.

Figure 3.1 shows a flowsheet the AD lab unit used in the present work.
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BSP1

Inflow

j

Figure 3.1: Completely mixed AD lab scale unit. Acronyms: D - Digester; BSP# - Biogas
sampling point; C# - Water columns.

The biogas line includes two water columns with a total volume of 6720 mL
(C1 and C2 in Figure 3.1) used for biogas volume measurement.

The anaerobic digester operation started with the hOFMSW at an inflow of
0.1 L/d, an hydraulic retention time (HRT) of 21 d and an Organic Load Rate
(OLR) of 2.16 g SV/(L.d), until the biogas production achieved stability.

The feeding condition was like the industrial scale digester in order to
simulate the real operational conditions at the industrial plant.

MCW pre-treated under Prel, Pre2 and Pre3 conditions and untreated
MCW was then co-digested with the hOFMSW at an OLR of 2.48 g VS/(L.d),
representing an OLR increase of 15%.

The efficiency of the AcoD process was assessed in terms of biogas and me-

thane yields, removal percentages of TS, VS, tCOD, and sCOD. TKN, NH4-N, o-

N and VFAs were considered as indicators of the process stability. All the
analyses were performed at least in duplicate.

Biogas and methane efficiencies were calculated according to Eq. 3.2:

Te = (sm—), (Eq3.2)

OLR XVinflow
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where « stands for biogas or methane, Vo is the volume of o produced (L),
OLR is the Organic Load Rate (gVS/ L.d) and Vinflow is the volume of substrate
fed per day (L/d).

The removal efficiencies of VS, TS, tCOD and sCOD were assessed by Eq.
3.3

C. . —C .
1, removal (%) = < Linflow mlgesmte) x 100, (Eq 3.3)
Ci,inflow

where C stands for the concentration of solids (g/L) or COD (mg/O3.L)

either in the flow or in the digestate.

The biogas Low Heating Value (LHV) was calculated according to the Eq.
reported by IPCC (2006) (Eq. 3.4)

n
LHV(MJ/m?3) = z HHV, x; — (0.212 H — 0.0245 M — 0.008 Y), (Eq.3.4)
i=1
where HHV, is the High Heating Value of the component i (MJ/m?), x, is the
volume fraction (% v/v) of the component i in the biogas stream, and H, M and

Y are the volume percentages of Hp, moisture and O», respectively.

3.2.5.1 Analytic Methods for AD Efficiency Assessment

The biogas composition (CHg, CO,, Oy, No, HoS) was determined by gas

chromatography (GC), according to the standard ASTM D 1946, using a gas chro-
matograph (Varian 430-GC) equipped with a split injector with He (63.5
mL/min), at 80 °C, and thermal conductivity detector (TCD), operating at 120 °C.

A fused silica column (Select Permanent Gases/CO; HR-molsieve 5A/Bo-
rabound Q tandem #CP7430) was used. H»S concentration was determined by a

GC Varian CP-3800 equipped with a split injector 1:100 at 60 °C and Pulsed Flame

Photometric Detector (PFPD) at 200 °C. A CP-SIL 5CB 30m x 0.32mm x 4 um
column, operating at 40 °C, in the presence of He, was used. At least, duplicate
samples were analysed.

TS, Ashes, VS, tCOD, sCOD, TKN, NH4-N, o-N, VFAs and EA were per-

formed according to the same methodologies described in section 3.2.2.
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3.3 Results and Discussion

3.3.1 Pre-treatments

3.3.1.1 Pre-treatments Screening

Lignin, cellulose, hemicellulose and monomeric sugars solubilisations as
well as inhibitors production obtained in the screening pre-treatments phase are
reported in Figures 3.2, 3.3 and 3.4.

In this first set of the pre-treatments, no lignin removal occurred, and cellu-
lose removal never exceeded 11.3% (room temperature, HyO»/biomass ratio of

0.5, 2% MCW w/v, pH of 9.8). Hemicellulose solubilisation preferentially oc-
curred with microwave irradiation pre-treatment catalysed by NaOH, with a
maximum percentage of 34.7% in the presence of 20% NaOH. Slight hemicellu-
lose solubilisation (3.94%) was observed with chemical pre-treatment at room

temperature, a HyO»/ biomass ratio of 0.125, 2% MCW w/v and pH of 9.8.

40
30

20

solubilisation (%)

oo ol oo’ oo’
SRR AN AN AR
Sl » > > © ™
VoV VGV RS
AP IR AN
o 4 & & N
Q:‘/o’\« &O Q(\, \2'\1, pre-treatment

Figure 3.2: Cellulose, lignin and hemicellulose solubilisation of MCW in the
pre-treatment screening phase. Checkerboard and solid black bars represent cel-
lulose and hemicellulose solubilisation, respectively.

Microwave irradiation pre-treatments catalysed by NaOH, for all the con-
centrations tested, showed no delignification, no cellulose solubilisation and
moderate hemicellulose removal.

Previous results obtained by Chen et al. (2013) on corn stover after micro-
wave irradiation pre-treatment catalysed by NaOH/ corn stover ratio of 0.077, at
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95 °C, during 30 minutes of reaction time, produced approximately 65% lignin
solubilisation.

In the present study, higher temperature (160 °C) and similar NaOH /bio-
mass ratio (0.1) did not promote a significant lignin solubility. This difference
may be related with two factors: the residence time that, in the present study,
was 3 times lower than in Chen's et al. assays (10 vs 30 minutes), and to the higher
resistance offered by cob to hydrolysis than by corn stover.

No lignin or cellulose removals were detected with MW pre-treatment
catalysed by glycerol either in presence or absence of alkaline water. Very low
hemicellulose solubilisation (4.59%) was detected with MW catalysed by glycerol
and NaOH (IM). These results are apparently in contrast with the work of Diaz
et al. (2015) that reported 29.5% and 22.6% delignification after having immersed
corn straw in aqueous glycerol solution (95% v/v) and in an alkaline glycerol
solution (95% v/v glycerol-NaOH 1.4 M), respectively, during 16 hours, before
MW irradiation. Moretti De Souza et al. (2014), on the other hand, obtained 15.8%
lignin removal on sugar cane bagasse after having pre-treated the biomass with
pure glycerol during 24 h, before submitting it to microwave irradiation for 5
minutes, at 2450 mHz. Comparing all these results, it seems that residence time
of the chemical pre-treatment before microwave irradiatio, is more effective for
lignin solubilisation than MW pre-treatment itself.

HO, pre-treatment did not allow any lignin solubilisation. Only slight cel-

lulose and hemicellulose solubilisations were observed (8.12% and 0.98% at room
temperature, 2.9% and 0% with MW, on average respectively) (Figure 3.2). This
result is confirmed by literature, where very little lignin was solubilized below
pH of 11, with 4 hours of reaction time, whereas 30% of the lignin was solubilized
at pH of 13 (Gould, 1985).

The highest cellulose removal (11.3%) was observed after the pre-treatment

performed at room temperature with a HoO»/biomass ratio of 0.5 w/v, pH of 9.8
and 2% of MCW w/v.

Figure 3.3 shows the experimental data of the solubilisation of monomeric
sugars after the pre-treatment screening phase.
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Figure 3.3: Concentration of monomeric sugars in the liquid phase resulting from the
pre-treatment screening phase. Dotted and solid black bars stand for glucose and fruc-
tose concentrations (mg/L) in the liquid phase, respectively.

Glucose and fructose were detected in all samples, whereas arabinose or
xylose were never detected in any of the pre-treatment’s eluates. MCW-assisted
pre-treatments produced significant glucose and fructose solubilisation, with
average concentrations of 142 mg/L, glucose and 183 mg/L fructose only when

catalysed by HyO>, The ANOVA (p<0.05) shows that no significant differences

were detected between glucose and fructose solubilisation, either with or without
microwave irradiation.

MCW-assisted pre-treatments catalysed with NaOH produced very low
glucose (1.44 mg/L) and fructose (5.66 mg/L) solubilisation, when compared

with the MCW catalysed by HyO; at any NaOH load. This is in agreement with

the work of Boonsombuti and Luengnaruemitchai (2013) which did not found
any sugar release from corncob after MW-assisted pre-treatment catalysed by
0.75 - 3% w /v NaOH, at 120 °C, during 30 minutes. Similar results were obtained
by Chen et al. (2013) that found 95% glucan recovery from the corn stover solid
phase, after MW pre-treatment, for all temperatures (74 °C — 130 °C) and times
(30 - 102 minutes) tested.

Microwave assisted pre-treatment catalysed by glycerol showed low solu-
bilisation rates of sugars. In the presence of water, glucose and fructose solubili-
sations were 53.8 mg/L and 34.5 mg/L, respectively, while in the presence of
alkaline water (NaOH 1.0M and NaOH 1.5M) this pre-treatment produced, for
both cases, low sugar yields (no glucose solubilisation was registered, and
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fructose solubilisation was lower than 20 mg/L). These results are in agreement
to those obtained by Diaz et al. (2015). These authors showed that polysaccha-
rides were not significantly degraded during the MCW pre-treatment catalysed
by glycerol in either the presence or absence of NaOH.

Room temperature chemical pre-treatment catalysed by HyO,, with 4 hours
of reaction time, showed interesting concentrations of glucose and fructose, with

the highest glucose and fructose concentrations of 148 mg/L (0.5 HyO,/biomass

ratio) and 186 mg/L (0.125 HyO»/biomass ratio), respectively.

Based on the results obtained, it is possible to conclude that microwave as-
sisted pre-treatment catalysed by HO; do not carry, under the conditions ap-

plied, any significant improvements in terms of sugar solubilisation when com-
pared with the pre-treatments carried out at room temperature in the presence

of HyO».

In all the pre-treated samples analysed, neither furfurals nor 5-HMF have
been detected (DL furfural: <3.5 mg/L; DL 5-HMF: <3.9 mg/L). Literature data
suggest that furfural concentrations higher than 20 mM (1.92 g/L) can strongly
inhibit Methanococcus deltae growth (Belay and Voskuilen, 1997). On the other
hand, Pekatfov4 et al. (2017) found that concentrations of furfural below 1.0 g/L
does not produce any significant inhibition, whereas HMF concentrations higher
than 0.2 g/L can cause noticeable inhibition on methanogens.

The experimental results obtained in this pre-treatment phase are quite be-
low the concentrations that can cause inhibition of AD process.

p-Coumaric acid (p-CA) and Ferulic Acid (FA) were the main phenolic com-
pounds produced during pre-treatments, followed by minor concentrations of
Caffeic (CA), Syringinc (SA), Vanillin (VA), Vanillic (VnA) and Chlorogenic (Cl)
acids. The production of phenolic compounds was higher in the samples pre-
treated with MW irradiation in the presence of NaOH, with an average of 108
mg/L p-CA and 54.3 mg/L FA. The highest concentrations were detected in the
samples pre-treated with 20% NaOH (215 mg/L p-CA, 105 mg/L FA, 7.9 mg/L
VA, 5.7 mg/L VnA, and 2.5 mg/L SA). These results show that NaOH is a cata-
lyst that promotes phenolic compound formation from corncob. This evidence is
confirmed by Torre et al. (2008).

These authors have reported that chemical pre-treatment performed at
room temperature, catalysed with NaOH, with 1 h of reaction time, produced FA
and p-CA in high concentrations, which were above than those obtained in this
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work with 10 minutes MW pre-treatment at similar NaOH /biomass ratios.
Hence, reaction time seems to be more important than temperature to produce
phenolic compounds. Figure 3.4 shows the concentrations of the phenolic com-
pounds detected in the liquid fractions after initial screening pre-treatment

phase.
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Figure 3.4: Concentration of phenolic compounds in the liquid phase resulting from the
pre-treatment screening phase.

The effect of NaOH on phenolic compound production is significant,
although less intense, in MW pre-treatments catalysed by glycerol with alkaline
water (1.0 M and 1.5 M NaOH). During these pre-treatments, average concentra-
tions of p-CA and FA of 15.3 mg/L and 11.5 mg/L, respectively were detected
(Figure 3.4). In the presence of glycerol in water solution, the concentrations of
p-CA and FA were lower (3.9 mg/L p-CA and 4.3 mg/L FA) than in the presence
of alkaline water. Calabré et al. (2015) tested the effects of NaOH pre-treatment
on AD of tomato processing wastes at room temperature and found that NaOH
pre-treatment did not affected the methane production with NaOH concentra-
tions within the range of 1-5% w/w.

During all the pre-treatments catalysed by HyO, (MW assisted and at room

temperature), phenolic compounds were always below 5 mg/L for all com-
pounds analysed. The lowest concentrations of phenolic compounds were found

in the pre-treatment at room temperature, 0.5 Ho O, MCW w/w (1.1 mg/L p-CA
and 0.3 mg/L FA) (Figure 3.4).
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Regarding the inhibitory effect of phenolic compounds on AD, literature
data pointed out that during AcoD of olive mill wastewater with wine distillery
wastewater by using a cuttle manure inoculum, concentrations of p-CA higher
than 50 mg/L can strongly inhibit methanogenesis (Akassou et al., 2010). On the
other hand, Mousa and Forster (1999) stated that Gallic acid concentration below
20 mg/L does not cause inhibition, whereas 50 mg/L Gallic acid can cause 15%
decrease of methane content in the biogas. Finally, Hernandez and Edyvean
(2008) observed that 1.0 g/L of Caffeic acid and Gallic acid can cause significant
inhibition of the AD process.

On the basis of the results obtained, the best balance between lignin, cellu-
lose, hemicellulose and sugars solubilisations, as well as low production of
inhibitors in the pre-treatment screening phase, was obtained in the pre-treat-

ment performed at room temperature with a HpO, biomass ratio of 0.5 w/v, 2%

MCW w /v, pH of 9.8, during 4 h (Prel). Prel allowed i) lignin, cellulose and
hemicellulose solubilisation of 11.3%, <1.0%, <1.0% respectively, ii) concentra-
tions of 148 mg /L glucose and 182 mg/L fructose, iii) concentration of inhibitors
<3.5mg/L furfural and <3.9 mg/L 5-HMF, and 1.1 mg/L of p-CA and 0.3 mg/L

FA. Hence, the most favourable pre-treatment for AD is catalysed by HyO». This

low inhibitor production with the use of HyO» as catalyst is validated by data
already reported in the literature (Saha and Cotta, 2007).

3.3.1.2 Optimisation of the Pre-treatment Prel
Prel was then optimised according to the conditions reported in Table 3.4.
In detail, a different pH value (11.5), solid concentration (10% MCW w/v) and
reaction times (4h, 1, 2 and 3 days) at different HyO2/MCW ratios were tested.

The solubility of lignin, cellulose, hemicellulose and monomeric sugars, as well
as the production of inhibitors during this optimisation step are reported in
Figures 3.5, 3.6, and 3.7.
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Figure 3.5: Cellulose, lignin and hemicellulose solubilisation of MCW in the pre-treat-
ment optimisation phase. Checkerboard, horizontal lines and solid black bars represent
cellulose, lignin and hemicellulose solubilisation, respectively.

Considering lignin, cellulose and hemicellulose solubilisation, the results
obtained in the pre-treatment optimisation show average solubilisation
percentages higher than those obtained through Prel in almost the assays per-
formed.

At a reaction time of 4 h, increasing pH from 9.8 to 11.5 allowed average
solubilisation percentages of 36.4% lignin, 45.8% cellulose and 35.8% hemicellu-
lose, respectively. The highest lignin, cellulose and hemicellulose solubilisations

(53.9%, 56.6% and 51.5%, respectively) were obtained at a HyO;/biomass ratio of

1.0, 2.0% MCW w /v and pH of 11.5. This indicates that at 4h reaction time, pH
has a key role in depolymerizing MCW and disrupting lignocellulosic structure.
These data are in agreement with Gould (1985), who achieved 50% lignin solu-

bilisation, after 4h of pre-treatment, at 2% MCW w/v and 0.5 H,O»/biomass ra-

tio, at pH of 11.5 and at room temperature. The very low cellulose, lignin and
hemicellulose solubilisation values (0.0% w/w , 5.0% and 5.6% w/w, respec-

tively) observed with a HyO»/biomass ratio of 0.5, 10% MCW w /v, pH of 9.8 and

4 h of reaction time (Pre3), can be due to the low pH value used during this
pre-treatment.

The increase of solid concentration from 2% MCW w /v to 10% MCW w /v,
at a pH of 11.5, with 0.5 HyO,/biomass ratio, increased the lignin, cellulose and
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hemicellulose solubilisation (37%, 30% and 38%, respectively) (Figure 3.5). There-
fore, keeping constant both pH and reaction time, the solid concentration has an
important role in MCW depolymerisation.

No significant differences (p<0.05) were observed between the percentages
of lignin, cellulose and hemicellulose solubilisations obtained at pH of 9.8 and
11.5, after 1 and 2 days of pre-treatment. This allows to conclude that, at reaction
times of 1 and 2 days, a less severe pre-treatment (pH of 9.8) achieved levels of
solubilisation comparable to those of a more severe environment (pH of 11.5),
offering the chance to save chemicals and reducing costs related to the
pre-treatments. The key role of the reaction time was already highlighted by
Banerjee et al. (2011).

The best solubilisation percentages of lignin, cellulose and hemicellulose
(68.6%, 63.4% and 61.9% respectively) occurred in the pre-treatment with the

ratio of 0.5 HyO2/MCW w/w, pH of 9.8, 10% MCW w/v and a reaction time of
3 days (Pre2).

Figure 3.6 shows the solubility of sugars during the optimisation of Prel.

Keeping constant the reaction time (4h) and the solid concentration (2%
w/v), the solubility of sugars did not show any significant changes (ANOVA,
p<0.05), when the pH was increased from 9.8 to 11.5.

On the other hand, fructose solubility increased slightly from 131 mg/L to
173 mg/L by comparison with Prel. This evidence seems to be in contrast with
the work of Banerjee et al. (2012), in which the pH control at values equal or
higher than 11.5 is considered a key factor for glucose conversion and for the
oxidative reaction taking place.

If MCW concentration is raised from 2% w/v to 10% w/v, keeping un-
changed the pH at 11.5, reaction time at 4 h and H>O,/biomass ratio at 0.5, glu-
cose and fructose solubilisations increase by 184% (383 mg/L glucose) and 218%

(358 mg/L fructose). This trend is confirmed by Banerjee et al. (2011), who found
higher monomeric glucose yield increasing the solid content up to 10%.

At 10% MCW w /v, with 4h reaction time and pH of 9.8 it was observed an
unexpected monomeric sugar concentration in the liquid phase higher than those
observed at similar conditions with pH of 11.5, showing values of 636 mg/L glu-
cose and 710 mg/L fructose. These concentrations were always lower than those
observed at higher reaction times of 1, 2 and 3 days.
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Figure 3.6. Concentration of monomeric sugars in the liquid phase resulting from of the
pre-treatment optimisation phase. Dotted and solid black bars stand for Glucose and
Fructose concentrations (mg/L) in the liquid phase, respectively.

Significantly higher sugar solubilisation was obtained at both pH values of
9.8 and 11.5 by increasing the reaction time from 4 hours to 1, 2 and 3 days (Figure
3.6).

This trend occurred at both pH values tested with the concentration of
sugars being always above 800 mg/L after 2 days of pre-treatment.

ANOVA (p<0.05) showed no significant differences between glucose and
fructose solubilisation when pH varied between 9.8 and 11.5, for reaction times
of 1 and 2 days, keeping constant H,O/biomass ratio (0.5) and solid concentra-
tion (10% w/v).

The suggestion that reaction time has a key role in the efficiency of sugar
conversions is in full agreement with the literature (Banerjee et al., 2011; Saha and

Cotta, 2007), thus reinforcing the idea that for longer reaction times it is possible
to achieve higher sugar concentrations even at a lower pH (9.8).

Figure 3.7 shows the concentration of phenolic compounds detected in the
liquid fraction during the pre-treatment optimisation phase.
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Figure 3.7: Phenolic compounds concentration in the liquid phase resulting from the pre-
treatment optimisation phase.

Furfural and 5-HMF were not detected in all the pre-treated samples (DL
furfural <3.5 mg/L and DL 5-HMF <3.9 mg/L).

The lowest concentrations of phenolic compounds occurred in the
pre-treatments with a reaction time of 4h in most of the cases.

The p-Coumaric acid concentration slightly increased as solid concentration
increased from 2% w /v to 10% w /v, showing value of 6 mg/L p-Coumaric acid,
2.4 mg/L Ferulic acid, 3.5 mg/L Caffeic acid and 2.4 mg/L Protocatechuic (CT)
acid were produced during the pre-treatment characterised by ratio of 0.5

H>02/MCW w/w, pH of 9.8 and 10% MCW w/v (Pre3) (Figure 3.7).

The lowest inhibitor concentrations obtained for HyO; pre-treatments, at a
reaction time of 4 hours, were of 3.1 mg/L p-CA (0.125 HyO,/biomass, 4h, 2

MCW % w /v —Figure 3.7) and 1.34 mg/L FA (0.125 HyO; / biomass, 4h, 2% MCW
w /v - Figure 3.3) for both pH and solid concentration tested.

Increasing the reaction times to 1, 2 or 3 days and maintaining unchanged
the solid concentration at 10% w /v, HoO2/biomass ratio at 0.5 and pH at 9.8, the

phenolic compounds increased approximately two-fold when compared to the
pre-treatment carried out with 4 h reaction time under the same conditions. This
pre-treatment produced 8.3 mg/L p-CA, 8.6 mg/L FA, 8.5 mg/L CA and 0.4
mg/L SA.
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Reaction times of 1 and 2 days, at pH 11.5, produced the highest inhibitor
concentrations (14.0 mg/L p-CA, 12.3 mg/L FA, 522 mg/L CA and 0.6 mg/L
SA).

All the concentrations of inhibitors obtained in the pre-treatment optimisa-
tion phase are below the inhibition thresholds reported in literature for AD pro-
cess (Akassou et al., 2010; Hernandez and Edyvean, 2008; Pekafovd et al., 2017).

The best balance between lignin, cellulose, hemicellulose and sugar solu-
bilisations, and the production of inhibitors in the optimisation phase, was ob-

tained at room temperature in the pre-treatment with a HoO,/MCW w /w ratio
of 0.5, pH 0of 9.8, 10% MCW w /v and reaction time of 3 d (Pre2).

This pre-treatment allowed: a) lignin, cellulose and hemicellulose solubili-
sations of 68.6%, 63.4%, and 61.9%, respectively, b) concentrations of sugars of
928 mg/L glucose and 846 mg/L fructose, b) concentration of inhibitors <3.5
mg /L for furfural, <3.9 mg/L for 5-HMF, 9.12 mg/L for p-CA, 10.2 mg/L for FA.

The results obtained a HyO2/MCW w /w ratio of 0.5, pH of 9.8, 10% MCW

w /v and reaction time of 4 d (Pre3) provided interesting monomeric sugar solu-
bilisation and relatively low inhibitor compound concentrations, suggesting the
potential of this pre-treatment for AcoD.

3.3.2 Co-digestion Assays

3.3.2.1 Control Parameters of AD Process

Averages and standard deviations of pH and redox potential in AD and
AcoD experiments are reported in Table 3.5. AcoD promoted a decrease of redox
potential, addressing this parameter at values lower than <300 mV; this is con-
sidered the redox potential value below which the AD process starts to work
properly giving high biogas productions (Mauky et al., 2017).

On the other hand, the slight decrease of pH during AcoD is probably due
to the presence of easily biodegradable sugars derived from MCW in the sub-
strate that can favour the VFAs accumulation (Li et al., 2015). The degradation of
solids (TS and VS) and removal of tCOD and sCOD during AD and AcoD
experiments are reported in Table 3.6.

TS highest removals were observed in the AcoD of OFMSW+Pre3 and
OFMSW+MCW, with average removal percentages of 56.5% and 55.8%,

respectively, while VS removal showed a decrease during AcoD, changing from
67.7% (hOFMSW) to 58.6% (hOFMSW+Pre2).
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Table 3.5: pH and Redox Potential in the AD and AcoD assays (average and standard
deviation)

AD and AcoD assays pH Redox Potential
(mV)
hOFMSW 8.26 +0.06 -397 £11.7
hOFMSW+Prel 8.12+0.08 -461 £22.5
hOFMSW+Pre2 8.18 £0.05 -460 +14.9
hOFMSW+Pre3 8.16 £0.06 -409 £ 6.41
hOFMSW+MCW 8.16 £0.07 -430 + 6.33

The highest tCOD removal was observed during AD with standalone
OFMSW (80.1%) and removals percentages higher than 73% were observed in
most of the other AcoD assays performed (OFMSW+Pre2, OFMSW+Pre3 and
OFMSW+MCW). The percentages of tCOD removal is in good agreement with
the values present in literature for AD of commercial food (Lopez et al., 2016).
sCOD showed a clear decreasing trend with AcoD ranging from 74.4% with
hOFMSW+MCW to 51.1% with hOFMSW+Pre2.

Table 3.6 :Removal of TS, VS, tCOD and sCOD during the AD and AcoD assays (average
and standard deviation).

AD and AcoD assays TS VS tCOD SCOD
Removal (% w/w)
hOFMSW 484+38 67.7+29 80.1+ 1.8 723+74
hOFMSW+Prel 529+30 633+35  609+39 66.9 + 6.4
hOFMSW+Pre2 46.1+41 58.6+3.1 773+7.6 51.1+13.4
hOFMSW+Pre3 56.5+1.7 631+19  73.3+42 70.6 3.2

hOFMSW+MCW 55.8+24  65.5+35 74.6+5.13 744+4.1

The comparison between the ratio of NH4-N/TNK and o-N/TNK during

AD and AcoD experiments showed a reduction of 0-N, demonstrating that good
protein degradation took place during the AD with hOFMSW, AcoD with
hOFMSW+Prel and with hOFMSW+Pre2.

o-N reduction was very low using untreated MCW as co-substrate and close
to zero during AcoD with hOFMSW+Pre2 (Figure 3.8).

The higher degree of protein degradation during AD and AcoD experi-
ments with hOFMSW+Prel and hOFMSW+Pre3 could contribute to the stability
of the AcoD process (Kim et al., 2011).
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Figure 3.8: Comparison of NH4-N and o-N contents over TKN in the substrates and in
the effluents during AD and AcoD experiments. Dark grey and vertical dashed bars
stand for NH4-N-N/TNK in the affluent and in the effluent, respectively; light grey and

horizontal dashed bars stand for o-NH4-N/TNK in the affluent and in the effluent, re-
spectively.

EA performed on the three substrates used showed that the C:N ratio in-
creased with AcoD from a value of 9.46 in the AD assay with hOFMSW, to 21.21

in the AcoD assays with hOFMSW+Pre3 (Figure 3.9). This value of C:N ratio is
close to the optimal value reported in literature for AD (25) (X. Wang et al., 2012).

It must be noticed that, even if the C:N ratios in most of the AcoD assays
performed were far from the optimal ratio of 25, biogas and methane yields in-
creased significantly in AcoD experiments, confirming the idea that MCW can
correct the C:N ratio of a C-poor and N-rich waste, as itis hOFMSW, and improve
AD efficiency.

Aiming to assess the process stability, NH4-N and VFAs were quantified in
the digestate (Table 3.7).

NHj4-N concentrations detected in the digestate were close to the threshold

concentration responsible for 100% inhibition (2500 mg/L) (Masoud Kayhanian,
1994) and lower than the concentration that, according to El-Hadj et al.(2009),

cause 50% of inhibition of AD (5600 mg/L). The NH4-N concentration during co-

AD of hOFMSW+MCW (2544 mg/L) exceeded the threshold for AD reported by
Masoud Kayhanian (1994) (Table 3.7).
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Figure 3.9: C:N ratios and biogas yields in the AD and AcoD experiments. Bars represent
the biogas yields, line the C:N ratio observed in the different AcoD tested.

Excessive concentration of NHy-N in the medium, that cause ammonia ac-
cumulation, can inhibit acetotrophic methanogens involved in the conversion of
acetate into CHy. If it occurs, the acetate produced during the acidogenesis phase

accumulates in the medium, lowering the buffer capacity and pH, and inhibiting
biogas production (Siegrist et al., 2002). This situation seems to occur during
AcoD with hOFMSW+MCW and hOFMSW+Pre3.

The concentrations of all the VFAs in the digestate increased, on average,
during the co-digestion with Prel and Pre2. On the other hand, during AcoD of
hOFMSW+ Pre2, 876 mg/L Propionic acid, 412 mg/L Butyric acid and 3132 tVFA
concentrations were observed (Table 3.7). It is seen a decrease in Propionic and
Butyric acids concentrations during AcoD with hOFMSW+Pre3 and
hOFMSW+MCW, when compared to AD of standalone hOFMSW.

The addition of pre-treated MCW produced an accumulation of the Acetic
acid quantified, achieving the highest concentrations during AcoD of hOFMSW
+MCW with 2512 mg/L and 2154 mg/L Acetic acid during hOFMSW+Pre3 (Ta-
ble 3.7).

Wang et al. (2009) reported that Acetic acid and Butyric acid concentrations
of 2400 and 1800 mg/L, respectively, resulted in no significant inhibition of the
activity of the methanogens, while a PA concentration of 900 mg/L resulted in
significant inhibition of these bacteria.

Similary Drosg (2013) defined the Acetic acid and Propionic acid limits for
the process stability at 4000 mg/L and 1000 mg/L, respectively, and stated that
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tVFAs concentrations above 4000 mg/L, and acetic acid/propionic acid ratio
lower than 2 are indicators of process instability.

The two most favourable AcoD conditions, from the point of view of biogas
and methane yields (OFMSW+MCW and hOFMSW+Pre3) (Table 3.8) can be af-
fected by some inhibition of the AD process due to N-NH, and Acetic acid accu-
mulations. The absence in the digestate of these AcoD assays of Propionic and
Butyric acids limits the instability.

Nevertheless, according to Angelidaki et al. (1993) it seems difficult to de-
fine VFA levels to indicate the state of an AD process, as different systems have
their own levels of VFAs that can be considered ‘normal’ for the reactor. The con-
ditions that cause instability in one reactor may not cause problems in another
reactor (Franke-Whittle et al., 2014) .

3.4 Biogas Production and Yields

The co-digestion of MCW with the hOFMSW allowed a significant increase
in daily biogas production when compared to the AD performed with the
hOFMSW alone (Table 3.8).

The methane content in biogas streams did not showed any significant dif-
ference (ANOVA, p<0.05) during the AD of hOFMSW alone and the AcoD’s of
hOFMSW+Prel and hOFMSW+Pre2, with an average value of 66.5% v/v. A
slight decrease in methane content was observed in the biogas streams obtained
during AcoD of hOFMSW+Pre3 (63.1% v/v) and hOFMSW+MCW (60.1% v/ v).
During these two latter assays, it was observed the most favourable average daily
biogas production (4,830 mL/d and 5,017 mL/d, respectively) (Table 3.8).

The co-digestion of OFMSW+Pre3 increased biogas and methane yields by
65% and 48%, and co- digestion of hOFMSW with non-pre-treated MCW by 84%
and 57%, respectively, when compared to the hOFMSW alone (Figure 3.10). De-
spite the highest yield and similar biogas volume produced during these two co-
digestion assays, the biogas stream obtained during co-AD of OFMSW+MCW
has a LHV on average 4% lower than the LHV obtained in the co-AD of
OFMSW+Pre3 (Figure 3.8). Regarding the contaminant’s concentrations, all the
AcoD assays performed provided a reduction of the H»S concentrations in all the
AcoD, when compared with the AD of standalone hOFMSW. The same trend

was observed for H, and CO.

The H3S concentration observed is in agreement with the values reported
in literature (0.005-2%) for AcoD in presence of OFMSW (Ryckebosch et al., 2011).
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Table 3.7: NH4-N and VFAs concentrations (mg/L) quantified in the digestate (average and standard deviation) and limit concentrations

cited in literature.

hOFMSW+ hOFMSW+ hOFMSW+ hOFMSW+

Parameters hOFMSW Prel Pre2 Pre3 MCW Threshold Reference
mg/L
(Masoud
2500 Kayhanian,
NH4-N 211 +306 1952 + 87.6 2171 £218 2097 2544 1994)
(El-Hadj et al.,
5600 2009)
(Drosg, 2013;
AA 243 +44.8 719 £ 70 1844 + 62.9 2154 2512 4000 Mauky et al,
2017)
PA 19.5+12.0 67.3+6.7 876 +33.2 <10 <10 900 (Wang et al.,
BA 69.0 £39.8 106 + 6.8 412+£7.8 51.0 <11.5 1800 2009)
tVFAs 289 834 3132 2205 2512 4000 (Drosg, 2013)
AA /PA ratio 10.3 10.7 2.1 >> >> <2.0
Table 3.8: Biogas composition in each AD experiment (STP) (average * standard deviation).
AD and AcoD assay CHy COy Oy N> H»S CcO H» Biogas LHV
% v|v ppm mL/d  MJ/me
hOFMSW 66.1 £6.5 324+69 0.0 0.8+0.3 970 +£215 109 £ 34 155 £ 62 2389 22.4
hOFMSW+Prel 65.5+0.4 32.6+0.2 0.0 1.2+0.3 737 £81.3 76.0+21 70.0x15 3787 22.5
hOFMSW+Pre2 66.8+1.7 322+1.6 0.0 05 +£0.3 722 £106 550+1.3 51.0+12 3941 22.6
hOFMSW+Pre3 63.0+1.3 36.0 +1.3 0.0 - 783 £50.5 10.0+2.4 115+11 4830 21.3
hOFMSW+MCW 60.3+0.9 39.6 £ 0.9 0.0 - 820 + 28.3 700+25 90.0+£5.6 5017 20.4
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In the AcoD of hOFMSW+MCW and hOFMSW+Pre3 biogas stream, the Hp

and CO concentrations found were lower than the threshold values con-
sidered critical for automotive fuel and for grid injection, respectively (Hoyer et
al., 2016).
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Figure 3.10: Variation of biogas and methane yields in AcoD assays (hOFMSW+MCW,
hOFMSW+Prel, hOFMSW+Pre2 and hOFMSW+Pre3) relatively to AD of hOFMSW.

The results of biogas and methane yields were compared with other AcoD
assays performed with maize residues and food wastes reported in literature (Ta-
ble 3.9).The data reported in literature shows similar biogas and methane yields
(Owamah and Izinyon, 2015; Amon et al., 2006; Li et al., 2015) to the results ob-
tained in the present work, but with HRTs quite higher (44, 45 and 42 d) in the
mesophilic conditions. Lower yields were obtained in the co-digestion of maize
stalk with swine manure under thermophilic conditions with 35 d HRT (T. Zhang
etal., 2015) and at mesophilic conditions in presence of maize silage with an HRT
of 101 days (Hutiian, 2016).

3.1 Conclusions

The results showed that the chemical pre-treatment catalysed by H»O», at

pH of 9.8, 4h of reaction time, and at room temperature (Pre3) is a promising and
low energy demanding pre-treatment applicable to MCW to allow its AcoD with
hOFMSW. The reaction time of Pre2 produced inhibitors that affected the effi-
ciency of AcoD process. The co-digestion of OFMSW with pre-treated MCW un-

der Pre3 increased the biogas yield by 65% and CHy yield by 48%, when com-
pared with the results obtained using OFMSW alone
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Table 3.9 Experimental data available in literature on co-AD assays in the presence of
maize wastes performed under similar AD conditions to the present study.

Biogas Methane

Feedstock Conditions . . Reference
yield yield
mL/gSV
75% w [ w Food Waste Continuous flow; (Owamah
N OLR=35gSV/ Ld o
25% w /w Maize Husk 37°C+1°C pH=6.8; 700 446 Izinyon
HRT=44 days
54% Dairy Manure, Solid State AD; (Y. Li et
33% Corn Stover, 35°C+1°C - 415 al ) 2015)
13%Tomato Residues HRT=45 days 7
z?zergﬁ)/ TSSwineMa- 5500 4 5 oc HRT=35 (T. Zhang
30% ratio/ TS Maize Stalk days 203 64.6 etal,
(MS) pH=38 2015)
Batch;
35% w/w Maize Silage R .
Anaerobic Stabilized 35°C£1°C 569 310 ggl“gna“'
Studge HRT=101 days )
pH= corrected
Batch;
31% w/w Maize Silage !
38°C £1°C (Amon et
15% w/w Corn HRT—42 days 639 439 al., 2006)

54%w [ wPig Manure (PM) pH= corrected

The co-digestion of hOFMSW with non-pre-treated MCW increased bio-

gas and CHy yields by 84% and 57%, respectively. Despite the higher yields, the

LHYV of the biogas obtained in the AcoD of hOFMSW with non-pre-treated MCW
were on average 4% lower than the LHV obtained with AcoD of hOFMSW+Pre3.
Moreover, Pre3 favoured the stability of the AcoD process, providing reduced

Acetic acid and N-NHy accumulations when compared to non-treated MCW.

From these results, one can conclude that a pre-treatment is recommended before
submitting MCW to AD, and that co-digestion of hOFMSW with pre-treated
MCW allows a significant enhancement of biogas and methane yields.
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H,S Removal from Biogas using the
ACs produced from Maize Cob Waste
and Liquid Digestate

4.1 Introduction

Biogas produced in AD may contain from less than 500 ppmv to more than
5000 ppmv of HyS depending on the substrate used and operational conditions

of the bio-reactor (Abatzoglou and Boivin, 2009; Awe et al., 2017; Ryckebosch et
al., 2011).

Both the direct combustion of biogas and its upgrading to bioCHg

(CH4>97% v/v) usually require a previous HpS removal step to prevent

equipment damage and environmental poisoning issues related to the emission
of sulphur compounds.

Among the different techniques that can be used for H»S removal from bi-
ogas stream, such as physical/chemical absorption, iron chloride precipitation,
metal oxide/hydroxide adsorption, membrane permeation, biological methods,
physical adsorption, among others (Abatzoglou and Boivin, 2009; Awe et al.,
2017; Muifioz et al., 2015; Ryckebosch et al., 2011), adsorption onto activated car-
bons, namely lignocellulosic-derived ACs, is considered a safe, sustainable,
reliable, highly efficient, and in most cases an environmentally sound technique
(Kwasny and Balcerzak, 2016; Mohamad Nor et al., 2013).

On the other hand, maize is one of the most important crops worldwide
with a total production, in 2018, of around 1060 million tons (IGC - International
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Grain Council, 2018). For 1 kg of dry corn grains, about 150 g cobs are generated
(Zhang et al., 2012), which would have resulted, by the end of 2018, in approxi-
mately 159 million tons of corn cobs. The cobs are usually left in the field as part
of the corn stover for soil conditioning. This lignocellulosic bio-waste can be con-
sidered a good precursor for ACs with relatively high surface area, due to its high
carbon content (around 45% w/w) and low percentage of ashes (about 2% w/w)
(Bagheri and Abedi, 2009; Flores et al., 2017; Tsai et al., 2001).

The mechanisms underlying HS adsorption onto ACs are highly
dependent on the adsorbent characteristics (porosity and surface chemistry) and
on the operating conditions, such as relative humidity, HpS concentration, O3

concentration, presence of other contaminants in biogas stream, and temperature
(Bandosz, 1999; Chen et al., 2010; Le Leuch et al., 2003; Seredych and Bandosz,
2008; Sitthikhankaew et al., 2014).

Concerning the ACs used in biogas conditioning, it is usually considered
that their surface chemistry is more important than the textural properties in H>S
adsorption; additionally, the complexity of the involved chemical mechanisms
may be significant (Adib et al., 2000a, 1999a; Bandosz, 1999). Regarding the
operating conditions of the adsorption system, the presence of oxygen and water
is considered critical to the mechanisms that are usually associated with H»S re-

moval onto carbonaceous materials, namely dissociative adsorption and oxida-
tion.

There are three main groups of ACs for gas stream desulphurisation: un-
modified ACs (virgin carbons), impregnated ACs, and /or surface-modified ACs.

The role of virgin carbons on HyS removal, at ambient temperature, was widely

studied (Adib et al., 2000a, 1999b, 1999a; Bandosz, 2002, 1999; Klein and Henning,
1984; Xiao et al., 2008). It was found that under dry conditions and without added
oxygen, hydrogen sulphide can also be oxidized in activated carbon, being
subjected to chemisorption. This oxidation capacity was associated with the
presence of oxygen functional groups in the carbon surface (Adib et al., 2000a;
Bouzaza et al., 2004; Feng et al., 2005; Le Leuch et al., 2003). Other authors stated
that in the absence of oxygen and under dry conditions, the micropore filling
theory (physisorption) should be assumed (Bagreev et al., 1999; Guo et al., 2007;
Menezes et al., 2018).

Several chemical agents may be used to produce impregnated ACs, such as
NapCO3, NaOH, KOH, metallic oxides, KI, KMnOy4, among others, which will
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promote the oxidation of H»S to elemental sulphur (S), depending on the type of
agent and operating parameters. However, side reaction products can also be
formed, such as SOy, SO3, and / or HySOj4. Alkaline impregnated ACs also lead to

the formation of metallic sulphides and / or metallic sulphates. The advantages of
impregnated activated carbons compared to virgin carbons are their high effi-

ciency and fast reaction kinetics, since they would catalyse the HS dissociation
and oxidation step through a chemisorption process (Bagreev and Bandosz, 2005;
Castrillon et al., 2016; Dalai et al., 2008; Sitthikhankaew et al., 2014; Xiao et al.,
2008).

ACs can also be submitted to surface chemical treatments in order to pro-
mote functionalization and introduce heteroatoms that enhance H»S removal.
Nitrogen-containing ACs, such as those modified by urea, amines, or ammonia
treatments were widely studied, demonstrating their catalytic role in H»S disso-

ciation and oxidation, mainly due to the increase of basic sites on carbon surface
(Adib et al., 2000b; Bagreev et al., 2004; Bashkova et al., 2002; Seredych and

Bandosz, 2008). Feng et al. (2005) reported an increase of HyS removal with oxi-

dized fibres of ACs due to an increase of the surface oxygen functionalities after
the oxidation treatment with oxygen. On the other hand, Adib et al. (2000a) ob-
served that when ACs were oxidized with nitric acid and ammonium persulfate,
there is a significant increase in the number of acidic oxygenated groups affecting

negatively the H»S dissociation.

ACs derived from MCW for H,S removal from biogas have not been much

studied. To authors’ knowledge, it is only available in literature the work of
Kazmierczak et al. (2013), in which these authors have obtained MCW-derived

ACs from both physical activation with CO; and chemical activation with KOH.

Although KOH activated carbon presented the highest surface area, its H)S re-

moval capacity was lower than that obtained with the physically activated car-
bon. This better result for the physically activated carbon was attributed to its

surface chemistry that was richer in basic groups, contributing for a higher H»S

removal.

In this context, the aim of the Tasks 3 and 4 was to assess the H»S removal
capacity of MCW-derived ACs from real biogas produced in a lab-scale
bioreactor. A first set of ACs was physically activated with CO; and a second set
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was obtained from the impregnation of MCW with anaerobic Liquid Digestate
(LD). LD was obtained from the same industrial AD plant located in Lisbon area.
LD was used because it is an ammonia-containing material rich in minerals, such

as K, which may have a catalytic activity in H>S removal.

4.2 Materials and Methods

4.2.1 Precursor and Impregnation Agents: Maize Cob Waste

and Liquid Digestate

The MCW collected in a farm located at Coruche municipality (Lisbon sur-
roundings, Portugal) presented an initial moisture content of 20% w/w and was
air-dried to a final moisture content of 9.3% w/w by contact with air at ambient
temperature. The air-dried MCW was then milled to a particle size of 2-4 mm
(Retsch SM 2000 grinder).

LD was used as both a precursor and impregnation agent to produce ACs.
Both MCW and LD were submitted to the following characterizations:

(i) Elemental analysis (EA) — it included the quantification of C, H, N, and
S (Thermo Finnigan-CE Instruments Flash EA 1112 CHNS analyser);

(ii) Proximate analysis — it included the quantification of moisture content
(EN 14774- 1), volatile matter (EN 15148) and ashes (EN 14775) (CEM MAS 7000
microwave furnace);

(iii) Thermogravimetric analysis (TGA) — it included the quantification of
mass loss between room temperature and 850 °C, with a heating rate of 5 °C/min,
under argon atmosphere (Setaram Labsys EVO equipment);

(iv) Mineral content — it was performed according to the European Standard
EN 15290 on samples previously digested (3 cm® HyOp 30% v /v + 8 cm® HNO;

65% v /v + 2 cm® HF 40% v/v) in a microwave station (Milestone Ethos 1600 Mi-

crowave Labstation) followed by neutralization (20 cm? H3BO3 4% w/v); the

acidic solutions were analysed by Inductively Coupled Plasma — Atomic Emis-
sion Spectroscopy (ICP-AES) (Horiba Jobin-Yvon equipment) for the quantifica-
tion of 16 chemical elements.
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4.2.2 Preparation and Characterisation of Activated Carbons

A first set of MCW-derived ACs was obtained from physical activation of
MCW with CO». The physical activation was performed in a quartz reactor
placed in a bench-scale vertical furnace, temperature-controlled by a PID pro-
grammable controller (RKC, REX-P96). The temperature inside the furnace was
measured by a thermocouple connected to the PID controller.

The MCW was heated up to 500 °C, at a heating rate of 10 °C/min, and kept
for 1h at this temperature, under Ny atmosphere (150 cm®/min). After this stage,
the carbonized material was submitted to another heating step up to 800 °C, at a

heating rate of 5 °C/min. When the target temperature was achieved, the N flow

was switched to CO, flow (150 cm®/min). CO, was used as the physical activa-
tion agent of these MCW-derived ACs. Two and three hours of activation time
with CO; were used to produce the activated carbon samples named as
MCW(PA)2h and MCW(PA)3h, respectively. After activation, the produced ACs
were cooled down to room temperature under Ny flow (150 cm?/ min). In the
codes of ACs, PA stands for Physical Activation.

The second set of ACs resulted from the impregnation of MCW with the
LD. Both raw MCW and previously carbonized MCW (CAR-MCW) were im-
pregnated. The previous carbonization procedure was performed as follows: 2h
of carbonization time, at 450 °C, under atmospheric pressure and in the absence
of air by inserting the sample in a closed and air-tight vessel. The impregnation
step was performed at a L/S ratio of 30.1 cmSLD /g mcw, allowing an impregna-

tion weight ratio of 1:1. The impregnation was performed at 50 °C, for 48 hours,
under constant stirring. Afterwards, the impregnated samples were oven-dried
at 95 °C, for 24 h. The dried samples were subsequently carbonized at 800 °C
(heating rate of 5 °C/min), under N> flow (150 cm?/min), for 2 h. Under this pro-

cedure, two ACs were obtained: MCW(LD), in which raw MCW was used as
feedstock, and CAR-MCW(LD), in which previously carbonized MCW were
used as feedstock.

Figure 4.1 summarizes the methodology used in the preparation of bio-
mass-derived ACs.
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Figure 4.1: Methodology used to produce different ACs from MCW, carbonized MCW
(CAR-MCW) and anaerobic liquid digestate (LD).

For comparison purposes, a Commercial Activated Carbon (CAC) specifi-
cally designed for biogas purification was also used in the H)S removal assays.

CAC is a non-impregnated steam activated catalytic carbon.
The samples of ACs were submitted to the following characterizations:
(i) EA — it was determined as described above for precursors;

(ii) Proximate analysis —it included the same parameters as described above
for precursors, but following the ASTM D1762 standard, which is specifically de-
signed for wood charcoal;

(iii) Apparent density — it was determined through a gravimetric method
according to ASTM 2854 standard;

(iv) TGA - it was determined as described above for precursors;

(v) X-ray powder diffraction (XRPD) by using a benchtop X-Ray
diffractometer (RIGAKU, model MiniFlex II), with Cu X-ray tube (30 kV /15 mA);
the diffractograms were obtained by continuous scanning from 15° to 80° (206)
with a step size of 0.01° (26) and scan speed of 2°/min. A tentative identification
of XRD peaks by matching with ICDD database of XRD software (Windows
Qualitative Analysis version 6.0 - Rigaku Corporation Database: ICDD PDF-2 Re-
lease 2007) was performed;

(vi) pH at the point of zero charge (pHpzc) — it was determined according
to the following methodology: 0.1 M NaCl solutions with initial pH values be-
tween 2.0 and 12.0 were prepared (pH adjustment was performed with solutions
of NaOH or HCI with concentrations of 0.01 to 1M). 0.1 g of ACs was added to

20 cm? of each 0.1 M NaCl solution; the mixtures were stirred for 24 h and the
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final pH was measured; pHpzc value corresponds to the plateau of the curve
pHﬁnal (&) pHinitial;
(vii) Textural properties — they were evaluated from the adsorption-

-desorption isotherms of Ny at 77 K (ASAP 2010 Micromeritics equipment); all

samples were previously outgassed overnight, under vacuum, at 150 °C; the data
of isotherms were used to calculate the apparent surface area through the BET

equation (Sggr); total pore volume (Viotal) was determined by the amount of Nj
adsorbed at the relative pressure of P/Po = 0.95; micropore volume (Vmicro) was
quantified by the t-plot method; mesopore volume (Vmeso) was determined by
the difference between Vigtal and Vmicro;

(viii) Surface elemental composition and morphology — they were analysed
by Scanning Electron Microscopy with Energy Dispersive Spectroscopy (SEM-
EDS) using a JEOL 7001F analytical FEG-SEM with Oxford model INCA 250 PRE-

MIUM EBSD (electron backscatter diffraction) and energy dispersive X-ray spec-
trometer light elements detector attachments.

4.2.3 H,S Removal Assays

4.2.3.1 Biogas Samples

The HjS removal assays were carried out using real biogas samples pro-

duced in a 2.1 dm? lab-scale stirred bioreactor (New Brunswick Scientific, BIO-
FLO 1000), equipped with controlling systems for temperature, pH and redox
potential.

The bioreactor was operated under thermophilic conditions (50 + 1 °C), at a
constant pH of 8. The bioreactor was fed each 48 h with a biologically hydrolysed
sample of OFMSW. The operating conditions used mimicked those of the
industrial-scale AD plant from which the real LD was collected. The average

biogas production was of 4 dm?3/ day. Biogas samples were stored in Tedlar bags
(SKC) with polypropylene fitting, to be subsequently used in the H»S removal

assays.

The biogas composition was determined by a multichannel biogas analyser
(Gas Data, model GFM410), equipped with non-dispersive infra-red

spectroscopy detector for CHy and CO; (quantification limit: 0.1% v/v for both

86



CHAPTER 4

gases), and electrochemical detectors for HyS, O, CO and Hj (quantification lim-
its: 1 ppmv for HpS, CO and Hp, and 0.1% v/v for Oy). The data obtained from
the analyser was processed with Gas Data SiteMan v6 software. Water vapour
and ammonia (NH3) concentrations were determined with GASTEC Detector

Tubes (6 WV tube for water vapour; 3M Ammonia tube for NH3z), coupled to a

GASTEC GV-100S gas sampling pump. Table 4.1 shows the variation intervals of
each gas present in biogas samples.

Table 4.1: Variation intervals of each gas present in biogas samples used in H2S removal

assays.
Gas compound Unit Concentration interval
CHy 49.0 - 52.9
CO» % v /v 47.0 - 50.9
(0)) <0.1
HyO 0.0013
HoS 1100 — 1800
H. ppmv 102 -217
CcO 7-23
NH3 3-32

4.2.3.2 Experimental Setup used in H,S Breakthrough Assays

To assess the HaS uptake capacity of ACs, dynamic HyS breakthrough as-
says were performed in the following experimental setup: a stainless steel (AISI
304) column (internal diameter: 15 mm; length: 230 mm), with vertical configu-
ration, was filled up with 0.5 g of each activated carbon. The particle size of ACs
were set to 1 mm < @ < 3 mm. A stainless-steel mesh (0.5 mm) was used to sup-
port the ACs in the column; the empty volume was packed with glass spheres to
promote an adequate biogas distribution. The glass spheres were tested alone for

H»S adsorption, but no significant removal was detected.

Figure 4.2 reports a diagram on the experimental setup used.
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Figure 4.2: Experimental setup used in H»S breakthrough assays.

The Tedlar bags filled up with biogas were connected to the column inlet,
at the bottom of the column, while the biogas analyser was connected to the out-
let, at the top of the column. The assays were performed at room temperature (25

°C) and atmospheric pressure. A biogas flow of 400 cm®/min, with a linear ve-

locity of 3.78 cm/s was used.

Table 4.2 presents the main experimental conditions used in H»S removal

assays. All the assays were performed in duplicates.

Table 4.2: Experimental conditions used in the dynamic HS breakthrough assays.

Parameter Unit Value
o Room temperature
T C (25 °C)
P atm 1
F cm3/ min 4001
\% cm/s 3.78
m g 0.5
M ticl
ean particle mm l<o<3

diameter ( @)
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4.2.3.3 Assessment of H,S Breakthrough Capacity

The HS uptake capacity of ACs, qy,s (mg/g), was calculated according to
Equation 4.1 (Gutiérrez Ortiz et al., 2014):

F x Mw tor

where F is the gas flow rate (m3/s), m is the weight of activated carbon
used (g), M,, is the molecular weight of H»S (34000 mg/mol), Vy is the molar
volume (22400 cm?®/mol), C, is the HoS concentration in the inlet biogas flow
(ppmv), C, is the HpS concentration in the outlet biogas flow (ppmv) at time ¢,

and tp, is the time (s) at which H»S breakthroughs the column. 50 ppmv H)S was
chosen as a breakthrough concentration since it is the concentration defined by
the ASTM D 6646-03 standard (Determination of the Accelerated Hydrogen Sul-
fide Breakthrough Capacity of Granular and Pelletized Activated Carbon), as
well as in several published works dealing with HyS removal (Bagreev and
Bandosz, 2005; Bandosz, 1999; Chen et al., 2010; Yan et al., 2002).

4.3 Results and Discussion

4.3.1 Characterization of Maize Cob Waste and Liquid
Digestate

MCW showed a high percentage of volatile matter (80.1% w/w), high con-
tent of fixed carbon (9.10% w/w) and low ash-content (1.50% w/w) (

Table 4.3). These characteristics fit well the properties usually desired for
precursors of ACs with high surface area. TGA analysis of MCW (Figure. A.1)
confirmed the high volatile content of this precursor, with the major weight loss
being observed between 230-340 °C, which is mainly associated with the
degradation of cellulose and hemicellulose. Above 340 °C and up to ca. 500 °C,
there is a slow degradation of the sample, mainly associated with lignin decom-
position. At 850 °C, about 38% w /w of carbonaceous residue remains in the sam-

ple.
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The LD sample submitted to proximate and elemental analyses was
previously dried up to a moisture content of around 3.30% w/w, at 65 °C, during
48 h. The dried LD is characterized by high ash (51.4% w/w) and low fixed car-
bon (0.80% w/w) contents. The volatile matter is present in high percentage
(44.5% w/w), due to the relatively incomplete biological oxidation of organic
substrates during AD. TGA analysis of the dried LD (Figure. A.2) confirmed that
there are lignocellulosic components that were not completely degraded during
AD, being observed a steady degradation from 222 °C up to 850 °C. At this latter
temperature, around 60% w /w of carbonaceous residue remained in the sample,
which should be composed by a significant fraction of minerals.

The dried LD is also characterized by a concentration of N (3.63% w/w) (

Table 4.3) that, if properly impregnated in ACs, may introduce nitrogen-
containing groups on their surfaces, enhancing H»S removal capacity, as men-
tioned above.

Regarding the mineral composition (Table 4.4), MCW is composed by K
(7632 mg/kg), Mg (2970 mg/kg), Al (2731 mg/kg), Si (2506 mg/kg), Zn (1537
mg/ kg), and Ca (1012 m/kg) as major elements, with concentrations in agree-
ment with literature (Raveendran et al., 1995; Yu et al., 2010)

Table 4.3: Proximate and elemental analysis of the precursors/impregnation samples.

Precursors/impregnation samples

Parameter Unit

MCW i LD ™

Proximate analysis
Moisture 9.30 3.30
Volatile matter % W /[w 80.1 44.5
Fixed carbon 9.10 0.80
Ashes 1.50 51.4

Elemental analysis
C 41.7 31.1
H 5.60 3.99
N %ow/w 0.10 3.63
S <0.03 1.60
om 51.1 8.28

WAfter drying to 9.30% w/w moisture content;” After drying to 3.30% w/w moisture
content; ®'Calculated as follows: O = 100 — (C + H+ N + S + Ashes)
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Table 4.4: Mineral content of the precursors/impregnation samples.

Chemical element Unit MCW LD
K 7632 59579
Mg 2970 3055
Al 2731 3140
Si 2506 1840
Zn 1537 1100
Ca 1012 3771
Na 342 2753
Fe 86.0 1406
Cr mg/kg db 5.00 10.0
Mn 4.00 39.0
Se <0.490 45.0
Ni <0.390 6.00
Cu <0.370 21.0
Pb <0.050 11.0
Sn <0.040 9.00
Cd <0.040 <0.040

db: dry basis

LD is characterized by having high concentrations of chemical elements
that can have catalytic effect on H»S oxidation, such as K (59579 mg/kg), Ca (3771

mg/kg), Al (3140 mg/kg), Mg (3055 mg/kg), Na (2753 mg/kg), and Fe (1406
mg/kg) (Table 4.4). It should be mentioned that sylvite (KCl) was identified in
the XRPD diffractogram of the dried LD (Figure. B.1), indicating that K, the major

element present in the highest concentration in this biomass, is mainly in the form
of chloride.

4.3.2 Characterization of Activated Carbons

Table 4.5 shows the results of proximate and elemental analyses, as well as
pHpzc for all ACs. CAC is characterized by high ash-content (28.6% w/w). Also,

this activated carbon presented a considerable S-content when compared to the
biomass-derived ACs, which may be related to the precursor used in its
production (mineral coal). It also shows a very strong alkaline behaviour with a

pHpzcof 11.9.

The impregnated activated carbons MCW(LD) and CAR-MCW(LD) also
presented very high content of ashes with percentages of 34.2% w/w and 24.7%
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w/w, respectively, showing that the impregnation with LD increased signifi-
cantly the mineral fraction of these ACs. As registered for CAC, both

impregnated carbons presented a very high pHpzc value (11.8 for both ACs).

Both physically ACs (MCW(PA)2h and MCW(PA)3h) showed a good con-
version of the initial volatile matter, providing final carbon materials with high
fixed carbon-content. Although MCW(PA)2h was submitted to an activation

time with CO; lower than for MCW(PA)3h, it is characterized by a higher fixed
carbon content (85.4% w/w) and lower oxygen content (11.7% w/w) than the
latter. This suggests that a further increase of the activation time with CO; can

promote the incorporation of more oxygen-containing groups at the surface of
carbon materials. Effectively, MCW(PA)3h presents an oxygen content (20.5%
w/w) higher than that calculated for MCW(PA)2h (11.7% w/w). As expected, all
the four biomass-derived ACs show higher amounts of heteroatoms than CAC,
except for S.

Both physically ACs showed pHpzc values in the alkaline range, although
with a lower alkaline character than the others biomass-derived ACs and CAC.

N-content in the impregnated ACs was low when compared to the physi-
cally ACs, indicating that the incorporation of nitrogen from raw LD (

Table 4.3) in the resulting ACs was not very successful. Probably, some loss
of N has occurred during the carbonization of the impregnated activated carbons.

Regarding the thermal stability of ACs, TGA analysis (Figures A 3 - A 7)
showed that all samples are quite stable up to 850 °C, presenting mass losses
lower than 10% w/w. The only exception is MCW(LD) that is thermally stable
up to 600 °C, but above this temperature it slowly degrades up to 850 °C with a
total mass loss of around 20% w/w (Figure A 6).

CAC was submitted to the mineral analysis, in order to elucidate about the

chemical elements constituting this activated carbon that may be involved in H»S

removal. Very high concentrations of Ca (26961 mg/kg db), Al (19752 mg/kg db)
and Fe (14443 mg/kg db) were determined. These elements are known for their

catalytic behaviour on H»S (Bagreev and Bandosz, 2005; Castrillon et al., 2016;

Kwasny and Balcerzak, 2016; X. Zhang et al., 2015). K, Mg and Si were quantified
in lower concentrations (1708, 3345 and 5525 mg/kg db, respectively) than those
chemical elements
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Table 4.5: Proximate analysis, elemental analysis and pHPZC of ACs.

ACs

Parameter CAC MCW(PARh MCW(PA)h I\(AL%V)V Mgvf}l({im

Proximate analysis

Moisture 1.00 5.40 4.60 3.10 1.00
Volatile matter w?/bw 5.30 6.50 6.80 7.10 4.50
Fixed carbon ap 651 85.4 83.6 55.6 69.8
Ashes 28.6 2.70 5.00 34.2 24.7
Elemental analysis

C 65.5 83.8 71.8 43.2 47.3
H 0.40 1.10 1.10 0.50 0.20
N % 050 0.70 1.60 1.10 1.10
S wﬂ{;" 1.40 <0.03 <0.03 <0.03 <0.03
ou 3.60 11.7 20.5 21.0 26.7
pHsc 11.9 9.70 9.60 11.8 11.8

M Calculated as follows: O = 100 — (C + H + N + S + Ashes); CAC: commercial activated carbon;

MCW(PA)2h and MCW(PA)3h: maize cob waste physically activated during 2 and 3 h, respectively;
MCW(LD): maize cob waste impregnated and activated with liquid digestate; CAR-MCW(LD): previously
carbonized maize cob waste impregnated and activated with liquid digestate; ap: as-produced basis

XRPD analysis was performed on the ACs that presented the higher ash
content, namely CAC, MCW(LD) and CAR-MCW(LD), in order to elucidate
about the crystalline mineral phases in their composition (Figures B 2, B 3 and B
4). Only quartz (SiO7) was identified in the XRDP pattern of CAC; quartz, sylvite

(KCl) and halite (NaCl) were identified in both impregnated ACs (MCW(LD) and
CAR-MCW(LD)). The chloride species of K that was found in LD (Figure B 4)
was retained in the impregnated ACs.

4.3.2.1 Textural Characterization

Table 4.6 reports the textural properties of the ACs based on N3 adsorption-
desorption isotherms. MCW(PA)2h and MCW(PA)3h developed the highest
SggT areas, with values of 630 m2/ g and 820 m?2/ g, respectively. Both ACs pre-

sented Ny isotherms that can be associated to type I(a) isotherms, according to

IUPAC classification (Figures C 1 and C 2); this means that these ACs are essen-
tially microporous materials having mainly narrow micropores (width < 1 nm)
(Thommes et al., 2015). As expected, sample MCW(PA)3h presented a higher
surface area, as it was subjected to a higher activation time.
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Impregnated ACs presented very low Sggr values (38.0 m?/ g for MCW(LD)
and 8.0 m?/g for CAR-MCW(LD)), with very low porosity, mainly in the range

of meso and microporosity (Figures C 3 and C4). In fact, the porous properties of
these carbons resemble more to chars not activated (Sun et al., 2017, 2016).

Some authors reported sewage sludge-derived carbons with textural
properties very similar to the impregnated carbons prepared in the present work,
being a similar feature also the very high ash-content (Ansari et al., 2005; Wallace
et al., 2014; X. Xu et al., 2014; Yuan and Bandosz, 2007).

Table 4.6: Textural parameters of ACs obtained from N2 adsorption-desorption iso-

therms.
ACs
Parameter Unit CAR-
CAC MCW(PA)2h MCW(PA)3h MCW(LD) MCW(LD)
Ser m’/g 459 630 820 38.0 8.0
Viotal 3 0.40 0.25 0.35 0.02 n. q.
Vmicro /& 010 0.21 0.32 0.01 0.01
Vineso 0.30 0.04 0.03 0.01 n. q.

n. q. — not quantifiable

Despite of the good properties of MCW as precursor for ACs, probably it
occurred a structural collapse during carbonization/activation, due to the cata-
lytic effect of the alkali and alkaline earth metals that were present in very high
concentrations in the LD.

Concerning CAC, its Ny isotherm is of type II, which is typically of non-

porous or macroporous materials; however, the presence of a relatively large H3
type hysteresis (Figure C 5) indicates that this carbon presents mesoporosity,
with large slit-like mesopores.

4.3.3 Surface Elemental Composition and Morphology

The SEM analysis of MCW(PA)2h and MCW(PA)3h (Figures 4.3 and 4.4)
showed a homogeneous and well-developed porous structure, confirming the
results obtained with the Ny isotherms at 77K. The EDS analysis performed on

these samples did not show the presence of significant mineral aggregates.
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Figure 4.3a) Figure 4.3b)

Figure 4.3: SEM images of MCW(PA)2h sample with magnifications of 500x (a) and
3000x (b).

Figure 4.4a) Figure 4.4b)

Figure 4.4: SEM images of MCW(PA)3h sample with magnifications of 350x (a) and
3000x (b).

On the other hand, the SEM analysis of MCW(LD) and CAR-MCW(LD)
(Figures 4.5 and 4.6) showed particles with very heterogeneous surface, a poorly
porous structure and the presence of inorganic matter (brighter areas). The EDS
spectra obtained for both carbons indicated the presence of C, Cl, K, Na and Ca,
pointing out that these ACs are a mixture of scattered carbon particles enriched
with mineral aggregates. These results were confirmed by XRPD diffractograms
(Figures B. 2 and B 3) that showed K and Na chlorides as diffractable mineral
species over the surface of these ACs. In addition, the EDS spectra of the selected
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particles of CAR-MCW(LD) also detected oxygen and phosphorus, which may
indicate the presence of some oxides and phosphates.

Spectum2

[Full Scale 741 cts Qursor:-0044 (381 ots)

Figure 4.5: SEM image of MCW(LD) with magnification of 850x and EDS spectra of the
selected zones.

Spectrum1

Spectrum 1
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Figure 4.6: SEM image of CAR-MCW/(LD) with magnification of 5000x (a) and 2000x (b),
and EDS spectra of the selected zones

The particles of CAC showed heterogeneous morphology with rough surface,
also typical of mineral rich materials (Figure 4.7). The EDS spectra of selected zones in
the CAC particles was characterized by carbonaceous particles enriched with Fe, Mg,
Ca, Al, Si, and O.
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Figure 4.7: SEM image of CAC with magnification of 800x and EDS spectra of the se-
lected zones.

4.3.4 H,S Dynamic Breakthrough Assays

Figures 4.8 and 4.9 show the H»S breakthrough curves obtained in the dy-
namic removal assays for all ACs. For the impregnated ACs (MCW(LD) and
CAR-MCW(LD)) and for CAC, it can be observed that after an initial sharped
increase of the breakthrough curves, a plateau is generically achieved. The con-
figuration of all curves where a pseudo-steady state is observed without the
saturation of ACs (Cout < Cin), points out for catalytic reactions in HpS removal

through dissociative adsorption and oxidation (Ayiania et al., 2019; Bak et al,,
2019; Meeyoo et al., 1997; Sitthikhankaew et al., 2014). The products of the cata-
lytic reactions (such as elemental sulphur) are retained on carbons’ surface. To
determine the saturation capacity of these ACs, much longer assays should be
performed; however, the total time of the present experiments (between 400 —
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1700 s) were controlled by the availability of biogas samples as the present work

was based on the use of real biogas and not on pure H»S.
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Figure 4.8: HpS breakthrough curves obtained for ACs.
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Figure 4.9: Detail of HpS breakthrough curves up to 200 s with indication of the break-

through concentration (50 ppmv).
Physically ACs, namely MCW(PA)2h and MCW(PA)3h, presented the best

performance from all the materials. At the end of H,S removal assays, the sample

MCW(PA)2h was still removing 78% of the HS inlet concentration and sample
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MCW(PA)3h was still removing 92%. The latter activated carbon presented an
uptake capacity of 15.5 mg/ g activated carbon at the breakthrough concentration
(50 ppmv) (Table 4.7), which is a value much higher than those registered for the
other ACs. Although the adsorption capacity for MCW(PA)2h at the break-
through point was much lower (0.65 mg/g), this activated carbon performed

quite well after 150 s of assay, as mentioned above.

Table 4.7: H2S adsorption capacity (qH2S) and time of breakthrough (tbr) for the break-
through concentration of 50 ppmv.

Parameter Unit CAC MCW(PA)2h MCW(PA)3h MCW(LD) CAR-MCW(LD)

qH2S mg/g 051 0.65 15.5 0.47 0.25
- s 2 28 629 14 11

MCW(PA)3h showed a much higher H)S uptake capacity than

MCW(PA)2h due to its higher surface area, higher microporosity (namely the
super-micropores), and higher oxygen content.

Regarding the other ACs, CAC was still removing about 30% of the inlet
H>S concentration at the end of the assays; MCW(LD) and CAR-MCW(LD) were

able to remove only 16% and 5%, respectively, which indicates that these ACs
were probably near their saturation.

The removal of other gases from the biogas stream, such as CO;, and CHy,
was also monitored. No retention of CHs was observed during the assays. For

COy, a small retention was registered in the beginning of the assays (<100 s), par-
ticularly for the microporous ACs, MCW(PA)2h and MCW(PA)3h. From that

point onwards, the outlet CO, concentration attained the inlet concentration.

This indicates that these ACs may also present some potential for CO, removal.

4.3.4.1 H,S Removal Conditions and Mechanisms

It should be highlighted that the H»S removal experiments were performed
on real biogas samples with other gases present besides H»S, including CHy, CO,,
Hj and CO. Additionally, CHy and CO; were present in much higher concentra-

tions than HpS which may have influenced the removal kinetic of H,S. The biogas

stream and ACs were also characterised by very low moisture concentrations;
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the oxygen content in biogas was likewise very low (<0.1% v/v). Globally, the
conditions for H»S removal were not the best, but were like those registered in a
real case-study of an AD plant at industrial-scale.

Some facts must be kept in mind when looking into breakthrough capacities
of the ACs tested in the present work. Most of the studies available in literature
is performed with pure H)S streams and in the presence of optimized moisture
and oxygen concentrations. If the biogas is intended to be upgraded to bio-me-

thane (CH4>97% v/v) directly in an AD plant, most of the upgrading technolo-

gies requires a biogas stream free of HjS, but also free of water and oxygen;

otherwise, process contamination will occur. The lack of moisture (both in biogas
and ACs) and oxygen (in biogas stream) as it was tested in the present work, will

significantly affect the performance of the catalytic HoS removal by ACs (Le
Leuch et al., 2003; Sigot et al., 2016; Sitthikhankaew et al., 2014; Xiao et al., 2008;
X. Zhang et al., 2015). Therefore, the H»S removal conditions studied in the pre-
sent work were not optimized, but closer to real conditions.

In this work, among the biomass-derived carbons produced, the physically

ACs behaved much better than the impregnated ones, which may indicate that
the textural properties, such as surface area and microporosity, were more im-

portant than the mineral content for HyS removal. Besides oxygen content,

surface area and micropore volume were much higher in MCW(PA)2h and
MCW(PA)3h (Table 4.6), particularly in the latter one.

HjS oxidation is unlikely to happen in very small micropores, being more
probable to occur in micropores with sizes above 0.7 nm, which will act as nano-
reactors for H»S dissociation and oxidation (Adib et al., 1999b; Chen et al., 2010;

Gongalves et al.,, 2018; Hervy et al., 2018; Kante et al.,, 2012; Seredych and
Bandosz, 2008). The micropore size distribution of these two physically ACs was
calculated using the Density Functional Theory (DFT) adsorption model for car-
bon slit-shaped pores (Figure 4.10). Based on these calculations, the sample
MCW(PA)3h showed the highest volume of micropores with sizes between 0.7-

1.8 nm, which may have played an important role in HS removal. Other authors
have also indicated the importance of mesoporosity to a higher diffusion rate of
H>S to the active sites and deposition of oxidation products (Dalai et al., 2008;
Nowicki et al., 2014). The activated carbon MCW(PA)3h also presented a slightly
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higher mesopore volume than the other biomass-derived activated carbons (Ta-
ble 4.6).

Additionally, the surface chemistry is important for H»S oxidation, due to

the catalytic reactions involved. The sample MCW(PA)3h presented a higher
oxygen content than MCW(PA)2h (Table 4.5).

It is known that oxygen groups present in the surface of activated carbons
can act as catalysts in HpS oxidation-reaction (Adib et al., 2000a; Bouzaza et al.,

2004; Feng et al., 2005; Le Leuch et al., 2003). Thus, the better performance of
MCW(PA)3h can be also related to its better surface chemistry properties.
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Figure 4.10: Micropore size distribution (DFT adsorption model for carbon slit-shaped
pores) of MCW(PA)2h (dashed line) and MCW(PA)3h (solid line).

Regarding CAC, both textural properties (high mesopore content) and high
catalytic mineral content (Fe, Al, Ca, K) may have been important for its perfor-
mance.

Despite of their strong alkaline behaviour and the presence of mineral spe-
cies (namely K, Na, and Ca) and oxygen in their surface, the impregnated ACs
(MCW(LD) and CAR-MCW(LD)) have presented the lower breakthrough
capacities among all the tested ACs (Table 4.7). Their poor textural properties,
with almost no microporosity, may have been the most important feature on their
performance. Nevertheless, their HpS breakthrough capacities are comparable
with the ones obtained in previous works (Gutiérrez Ortiz et al., 2014; Shang et
al.,, 2016, 2013; Yuan and Bandosz, 2007), in which the authors used sewage

sludge and digestate-derived biochars or ACs in HpS removal assays.
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4.4 Conclusions

The physically ACs performed better in HpS removal assays than ACs im-
pregnated with an anaerobic liquid digestate, with uptake capacities, .., of 15.5

and 0.65 mg;g for MCW(PA)3h and MCW(PA)2h, respectively; the uptake
capacities for MCW(LD) and CAR-MCW(LD) were 0.47 and 0.25 mg/g, respec-
tively. Thus, textural properties, such as surface area and microporosity, seemed

to be more important than mineral content in H»S removal from real biogas sam-
ples. Effectively, both surface area (Sper) and micropore volume (Vicro) were
much higher in MCW(PA)3h (Sget = 820 m?/ g and Vpicro = 0.32 cm3/ g) and
MCW(PA)2h (SggT = 630 m?/ g and Vmicro = 0.21 cm3/ g) than in impregnated
ACs (Spet = 38.0 m?/g and Viicro = 0.01 cm®/ g for MCW(LD); Spgr = 8.0 m?/g
and Viicro = 0.01 cm®/ g for CAR-MCW(LD)).

The highest volume of micropores, with sizes between 0.7-1.8 nm, that were
registered for MCW(PA)3h may have played an important role in HpS removal.
Also, its higher oxygen content may have been involved in the catalytic oxidation
reaction of H,S, indicating that its better performance on H,S removal is also due

probably to the better surface chemistry properties.

Finally, MCW(PA)3h showed a higher H,S adsorption capacity (15.5 mg/g)

than the commercial activated carbon (0.51 mg,g), which means that this new
biomass-derived activated carbon suits better at non-optimized conditions of

HjS removal, namely in what concerns moisture and oxygen deficiencies.
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CO2 Separation from Biogas Using the
ACs Produced from Maize Cob Waste

5.1 Introduction

Biogas is a mixture made of approximately 60-70% v /v of CHg in CO,, over
some minor amounts of contaminants. After having removed the trace contami-

nants, the biogas purification process consists essentially in CO, separation from

CH..

Among the several technologies available for removing CO, from biogas

streams, Pressure Swing Adsorption (PSA) is an adsorption-based process that is
attracting increasing interest for its low energy requirements and limited initial
capital investment in comparison with other separation technologies (D.M.
Ruthven et al., 1994 and Bauer et al., 2013). Moreover, PSA can process high

throughputs and produce high-purity CHy (Esteves and Mota, 2007).

In a PSA unit for biogas upgrading, an adsorbent is submitted to cyclic pres-

sure changes to selectively adsorb and desorb CO.. The final product of interest

is a stream enriched in CHy (> 97% v /v). The efficiency of adsorption of CO, de-
pends, among other factors, specifically on the textural properties of the adsor-
bent material employed, on its working capacity, CO, selectivity and on its capa-

bility to be regenerated. Thus, the choice of the adsorbent plays a crucial role in
the PSA process efficiency.
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Common adsorbents used in PSA units are Carbon Molecular Sieves (CMS),
activated carbons (AC), natural and synthetic zeolites (Grande, 2011; Yang, 1987).
Metal Organic Framework (MOF) is gaining consensus as a potential alternative
adsorbent (Schell et al., 2013) with promising results (Casas et al., 2013) for PSA
application, although the present high costs still cut off this material from com-
mercial scale-up application (Férey, 2016).

The choice of the best adsorbent for CO, separation depends largely on its

cost and the operating conditions applied. Pellerano et al., 2009 observed that
ACs can provide higher adsorption capacities than some zeolites at pressures
higher than 2.5 bar and Siriwardane et al. (2001) demonstrated that ACs can pro-
vide better performances than CMS, when CO2 partial pressure is higher than
1.7 bar. Thus, ACs can be considered suitable candidates for biogas upgrading,

since the typical CO; partial pressure used during the upgrading process com-

monly ranges from 1.8 bar to 4 bar (Grande, 2011).

The ACs used in PSA units are generally produced by thermal activation of
relatively dense form of carbon precursors, such as bituminous coal, due to its
high physical strength (Ruthven et al., 1994). The use of agricultural residues as
precursors to produce carbon adsorbent materials can be considered one of the
main challenges in the manufacture of activated carbons, since these precursors
are cheap, available in large amounts and are environmentally friend.

Few studies are present in literature about the preparation of biomass based
ACs for biogas upgrading purposes. The most used precursors are coconuts
shells (Vilella Costa et al., 2017), cherry stones (Alvarez-Gutiérrez et al., 2014 and
2016), pine sawdust (Durdn et al., 2018), date seeds (Ogungbenro et al., 2018) and
MCW (Song et al., 2013). All these authors agree on the high potential of these
materials as precursors of the adsorbent media for biogas upgrading and CO;

separation.
Among the available biomass, MCW, is particularly appealing and may be
a source of substantial economic rewards, being actually left unused on soil. To

the author knowledge, no study is present in literature about the use of AC pro-
duced from MCW for biogas upgrading with PSA.

Chapter 5 aims to assess the suitability of two of the activated carbons pro-
duced from MCW (MCW(PA)2h and MCW(PA)3h) that showed the best

properties as potential adsorbents for CO; separation from a biogas stream. This

gives the basis for future design and modelling works of a PSA cycle based on
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the use of renewable adsorbents. This Section represents the development of the
Task 5 of this work.

5.2 Experimental

5.2.1 Materials
The physical activated MCW(PA)2h and MCW(PA)3h were selected as po-

tential candidates” adsorbents for CO; separation from a biogas stream due to

their favorable textural properties (Table 4.6) and on their good thermal stability
(Figures A 4 and A 5) when compared to the others produced ACs. Furthermore,
their apparent good mechanical strength and low dusting made them potential
candidates for PSA application.

Prior to each adsorption equilibrium experiment, the carbon samples were
pre-treated by degassing in vacuum for at least 3 h, at 423.15 K. Approximately
0.6 g of MCW(PA)2h and 0.8 g (MCW(PA)3h of each sample were used in the
adsorption equilibrium experiments.

In a first step, CO, and CHy adsorption equilibrium measurements on
MCW(PA)2h and MCW(PA)3h were performed at 303.15 K. The adsorbent that
provided the overall higher adsorption capacity, selectivity towards CO; and

working capacity, was then submitted to the adsorption equilibrium measure-
ments at 323.15 K and 353.15 K. In a second step, fixed-bed experiments were
performed to analyse the kinetics and dynamic behavior of the sample
MCW(PA)3h upon its packing into a column. For this purpose, approximately 18
g of MCW(PA)3h were produced in different batches according to the same
methodology described in Figure 4.1. Prior to column packaging, the
MCW(PA)3h was sieved (> 1 mm) and homogenized using a procedure based on
Allman and Lawrence (1972) technique.

!'In the present Chapter 5, the Kelvin (K) was chosen as unit of measurement for temperature, since it is
the most commonly used in the area of gas separation.
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All gases used were provided by Air Liquide and Praxair (Portugal): CO2
N48, CH4 N35, and Helium at 25.2 mg/(N m?).

5.2.2 Experimental Apparatuses

5.2.2.1 Volumetric Unit

The adsorption equilibrium measurements were performed in a volumetric
experimental apparatus built with stainless steel tubing (Swagelok Company,
USA) and a set of solenoid valves (ASCO Numatics, USA) that are controlled
through a LabVIEW-based (National Instruments Corp., USA) software
developed in-house. The unit was built in-house and is fully described in Ribeiro
et al. (2015). The general scheme of the volumetric unit used in this work is re-
ported in Figure 5.1.

The unit allows the simultaneous equilibrium measurements of two adsor-
bent samples up to an operation pressure of 20 bar that can be controlled by two
pressure transducers (Omega Eng. Inc., USA). An oven (Nabertherm B170
GmbH, Germany) controls the temperature of the adsorption cells over the range
of 303-1373 K. The apparatus includes a stainless-steel calibrated volume (Hoke,

USA), v, used in the determination of the volumes in the unit.
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Figure 5.1: Schematic of the volumetric unit (vcal, calibration volume; vrefl and vref2,
reference volumes; vcell and vcell2, cell volumes; PT, pressure transducer; T, Pt100 tem-
perature sensor; SV, solenoid valve; NV, needle valve; MV, manual valve; VP, vacuum
pump). Adapted from Ribeiro et al. (2015).
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The gas is admitted into the apparatus through a single feed line, which is
then divided into two parallel lines connected to the two adsorption cells (Cell 1
and Cell 2). Each independent gas line connects to a previously calibrated

reference volume (vref1 and vref) linked to the respective adsorption cell.

The volumes vref1 and v... are confined between valves SV, and SV3, and
SVsand SVs, respectively; veen1 and veeli2  correspond to the volumes after

SV3 and SVs5, respectively. The temperature of the reference volumes is measured

using four-wire Pt-100 probes (RS Amidata, Spain). The temperature of the ad-
sorber cells is controlled by the oven (Figure 5.1). This oven allows thein
situ degasification of the adsorbent samples. The mass of the activated sample
inside each Cell was corrected weighting the mass of the adsorbent before and
after the degasification procedure at net of the tare of the Cell and connecting
fittings. A vacuum pump (model RV3, Edwards Ltd., USA) is connected to the
volumetric unit to allow the degassing and regeneration of the adsorbent sam-
ples under vacuum.

5.2.2.2 Fixed- bed Unit

The experimental apparatus used in this work for the fixed bed experiments
is an adaptation of the apparatus built in-house and fully described in Ribeiro et
al. (2017). This unit permits a flexible operation in terms of feed composition,
flow rates, pressure and temperature. The one-column adsorption unit is com-
posed by three main parts: the gas feed/eluent section, the separation section,
and the pressure control/product outlet section. The scheme of this unit is pre-
sented in Figure 5.2.

The unit is made of 316 stainless steel tubing with outer diameter of 1/8 in.
(Swagelok Company, USA). In the gas feed / eluent section, the gaseous feed mix-
ture is admitted into the unit by means of two mass flow controllers (MFC1 and
MFC2) with operating ranges of 0-100 sccm (accuracy +0.8% of reading (Rd) +
0.2% of full scale (FS); Alicat Scientific, The Netherlands), and 0-2 slpm (accuracy
of +0.5% Rd + 0.1% FS; Bronkhorst High-Tech B.V.), respectively. The purge
stream (Helium) is controlled by MFC3 with an operating range of 0-5 slpm (ac-
curacy of £0.5% Rd + 0.1% FS; Bronkhorst High-Tech B.V.). The column pressure
is controlled by a backpressure regulator (BPR1 and BPR2) in the range of 2-10
bar (accuracy of £0.5% FS; Bronkhorst High-Tech B.V., The Netherlands).
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Figure 5.2: Schematic of the adsorption unit (Col: Column; MFC: Mass Flow Controller;
BPR: Back Pressure Regulator; PT: Pressure Transducer; V: solenoid valve; T: Pt100 Tem-
perature Sensor; VP: Vacuum Pump; MS: Mass Spectrometer).

The adsorption unit is composed by one column (Col), through which the
gas flux is controlled using 8 on-off solenoid valves from ASCO Valve Inc. (USA).
The unit is supported with a second line vented to the atmosphere (L2-support
line, Figure 5.2). This line has the function of improving the mixing of the feed
mixture before each dynamic assay and allows a more efficient switch between
the feed and the purge steps. The temperature is measured at three different po-
sitions (top, middle and bottom) inside the column using four-wire Pt100 probes
(RS Amidata S.A., Spain). The column temperature is controlled using an exter-
nal electric resistance coiled around the bed and connected to a PID controller
(model E5CN-R2MT-500, Omron Corporation).

The gas composition is measured online by mass spectrometry (MS) using
a Dymaxion DM100 quadrupole mass spectrometer from Ametek Process Instru-
ments (USA). The MS is operated by the commercial software Dycor System 2000.
The gas composition of the exit stream is analysed using a real-time gas stream
composition quantification algorithm, fully detailed elsewhere(l. A. A. C. Esteves
et al., 2016). The complete apparatus is controlled by an in-house developed soft-
ware built in Labview®. The program can be operated in manual or automatic
modes and monitors the experiments and records all the data (i.e., time, temper-
atures, flowrates, pressures) acquired during each experiment.
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5.2.3 Experimental Methodology

5.2.3.1 Volumetric Unit

The experimental measurements of the adsorption equilibrium isotherms
follows the typical methodology applied to a volumetric apparatus (Pakseresht
etal., 2002 and Policicchio et al., 2013). According to Figure 5.1, the experimental
procedure consists in the addition of static pressure steps to the reference

volumes (vref1 and vrep). After pressure and temperature equilibration, the gas

supplied is expanded to the cell containing the adsorbent (veer1 and veen2). After

this step, the system pressure is monitored until the adsorption equilibrium is
reached, which is assumed to occur when the rate change of the pressure ap-
proaches zero under isothermal conditions, i.e., the pressure variation is lower
than 0.01 bar, which is the accuracy of the pressure transducers employed (0.05%
of their full scale), over a minimum period of time of 45-60 min. Then, the ad-
sorption cells are once again isolated from the reference volumes, by closing

valves SVzand SVs, and the method is repeated until enough experimental

points to generate the adsorption isotherm are obtained. When the desired pres-
sure is reached, a similar procedure is repeated, but by stepwise depressurization
of the reference volumes and subsequent contact with the adsorption cells. This
allows the measurement of the desorption equilibrium isotherms. In order to re-
duce the accumulated error of the measurements, a maximum of 15 experimental
points per isotherm is recorded (Ribeiro et al., 2015).

5.2.3.2 Fixed-bed Unit

In order to describe the adsorption kinetics of CO, and CHy in the selected

activated carbon, diluted breakthrough experiments at three different
temperatures (303 K, 323 K and 353 K) with molar fraction of 1% v/v in Helium
were performed. Helium (He) was used as inert carrier gas.

Preliminary essays were performed with He to assess the proper operation
of the experimental setup. The pressure drop across the column was evaluated
using the pressure transducer assembled in the experimental apparatus. The
measurements showed that, at the low flow rates studied in this work, the pres-
sure drop was smaller than the accuracy of the pressure transducer used (6.9
mbar) and could, therefore, be neglected.
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During the experimental runs, the total pressure was fixed at 4 bar and the
gas interstitial velocity (1) was set at 0.01 m/s. A total of 12 fixed-bed experiments
were performed. To assess the reproducibility of the data results some of the as-
says were repeated.

Table 5.1 reports the experimental system properties used and Table 5.2 re-
ports the operation conditions applied during the dynamic assays.

Appendix D reports the methodology used to determine the bulk density,
oo (g/ cm®), density of the carbon matrix, ps (g/cm?), dry particle density, p,
(g/cmv), as well as the calculation of the void fraction of packing, ¢,, the internal

or intraparticle porosity, ¢, and the total void, . The adsorbent mean particle
radius, R, was assumed to be equal to half of the average value of the mesh used

to sieve the ACs particles. Prior of the dynamic assays, the adsorbent bed was
degassed in vacuum and at the temperature of 353-358 K for several hours.

Before each dynamic assay, the system was properly prepared according to
the following method: (i) warm-up of the MS system for 1 hour, (ii) electronic
stabilization of the instruments (MFC’s, BPR, power supplies) for approximately
30 minutes, and (iii) stabilization of the MS signal using its System 2000 software
followed by calibration for the gas mixtures to use.

This latter feature allows in real-time the quantification of the column exit
stream. The algorithm obtained provides trend screens for data acquisition, in-
put, and calculation of the gaseous composition of the exit stream. The details of
the configuration files used for the composition analysis are reported elsewhere
(Esteves, 2005; (I. A. A. C. Esteves et al., 2016).

110



CHAPTER 5

Table 5.1: Characteristics of the experimental system used in the fixed-bed experiments
with the carbon sample MCW(PA)3h.

MCW(PA)3h Properties Unit Value
Specific Pore Volume (Ws) cm?® / g3 0.35
BET surface area (A) m? /g 886
Particle density (op) g/ cm?® 0.40
Carbon matrix density (o) g/ cm?® 1.77
Intraparticle void fraction (¢&p) - 0.77
Total Voidage (¢) - 0.90
Mean pore radius (rp) A 7.80
Tortuosity (7) (¥) - 4.00
Mean particle radius (Rp) mm 0.75
Column Properties

Bed length (L) cm 18.0
Bed Diameter (D) cm 2.10
Adsorbent weight g 14.4
Bed porosity (&) - 0.47
Bulk density (op) g/ cm® 0.21

(*) The tortuosity factor, T, was assumed to be 4.0, which is a typical value for activated carbon (D. M.
Ruthven, 1984 and Costa et al., 1985).

Briefly, for diluted working conditions, the MS calibration was performed

firstly by feeding a diluted mixture of 1% v/v of CO, or CHy than 0.5 % v/v of

CO; or CHy4 in He to the MS, which is verified by the respective MFC. This is

performed through the bypass line L1 (Table 5.2) and guarantees that the adsor-
bent is not contaminated by the diluted mixture prior to the experiment. After-
wards, the dilute mixture is fed firstly to the L2-support line to allow the com-
plete mixing of the gases (adsorbate and eluent), when the column is simultane-
ously fed with the inert gas (Table 5.2). The pressure inside the system is stabi-
lized at 4 bar, through the backpressure regulators BPR1 and BPR2
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Table 5.2. Experimental conditions applied in the breakthrough runs for CO2/He and
CH4/He diluted mixtures.

Adsorbate T F yi, Adsorbate  yHe, Eluent u Piot
K cm®/min %o m/s bar

30335  104.2 1.04 98.96 401

32335  104.5 1.04 98.96 4.00

35325  103.7 1.05 98.95 4.02

€Oz 30335  102.4 0.52 99.47 4.01
32335  104.9 0.51 99.48 4.00

35325  105.1 0.53 99.46 o 400

303.95  104.5 1.03 98.97 401

323.05  104.6 1.04 98.96 4.00

353.05  105.6 1.04 98.96 4.00

CHa 303.95  105.11 0.53 99.49 4.01
323.05  104.64 0.54 99.48 401

353.05  105.61 0.52 99.48 4.02

The gaseous flows were then switched closing valves V1 and V4 and open-
ing valves V3 and V2, and the diluted mixture flows through the column. The
system is continuously fed at constant flowrate and (T, P) conditions until break-
through of the more adsorbable component occurs, and up to the saturation of
the adsorbent bed. The concentration profiles of the gases at the exit of the
column is continuously quantified by the MS analysis during the dynamic assay.
When the inlet and outlet compositions are equalized, the feed mixture is
switched back to the support line L2 (closing valves V2 and V3, and opening
valves V1 and V4) and the inert gas (He) enters the column to purge the system.
Finally, the purge with the eluent is stopped when the MS signal detects only
pure He exiting the column. This indicates that the adsorbent bed is fully
regenerated and clean of any adsorbate.

5.2.4 Theoretical Analysis

5.2.4.1 Adsorption Equilibria

5.2.4.1.1 Sips Model

The experimental adsorption equilibria data obtained at different temper-
atures can be accurately fitted to the Sips model (Do, 1998) to provide an accurate
representation of the adsorption equilibria when there is no need to obtain a gen-
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eral equation that allows the extrapolation to other adsorbates, or to a substan-
tially different temperature range as allowed by the Adsorption Potential Theory
(APT) (Esteves et al., 2008).

The advantages of the Sips model are its ability to fit well the experimental data,
its mathematical simplicity, and its straightforward extension to multicomponent ad-
sorption. For these reasons, the Sips model is predominantly used in the modelling
and design of adsorbers and cyclic gas separation processes for concentrated mix-
tures (Yang, 1987).

The Sips isotherm model is given by (Do, 1998) as follows,

_qs(bP)"
b = By exp [i (5 _ 1)] (Eq.5.2)
RT,\T ’
t_1, [(1 TO)] Ea. 5.3
n_n0 @ T/l (£q.5.3)
Ty
ds = Qso €Xp z(l - 7)] ) (£q. 5.4)

where g is the amount adsorbed (mol/kg), g is the maximum adsorbed
amount at saturation (mol/kg), qs, is the saturation capacity at reference
temperature To, b is the adsorption affinity constant (bar!) that measures how
strong an adsorbate molecule is attracted onto the solid surface, b, is the affinity

constant at the reference temperature (Tp), n is the parameter that characterizes
the adsorbate/adsorbent interaction (the further from the unit its value is, the
highest is the heterogeneity of the system adsorbent/adsorbate), n, is the
parameter n at the reference temperature Tp; a is a constant parameter; Q is the
adsorption heat or the isosteric heat of adsorption at half loading (kJ/mol); y =
Q/R,T, is the heat coefficient; and y is a constant parameter.

The temperature dependence of each parameter in the Sips model was de-
termined by a global fitting of the adsorption isotherms obtained experimentally
at all the temperatures studied. For this purpose, the Solver of Microsoft Office

Excel was used. The goodness of the fit is evaluated based on the regression sum
of squares due to error (RSS) defined as

i=n
2
RSS = § ] 1(Yi,exp - Yi,pred) ’ (£q. 5.5)
=
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where Y is the specific variable, subscripts exp and pred correspond to the
experimental and predicted values, respectively. The Fit Standard Error (FSE) is
determined as

FSE = |22 (Eq. 5.6)

DOF

where DOF is the degree of freedom defined as (N — m), the difference be-
tween the number of data points N and the number of coefficients fitted m. The
average relative error (ARE) is defined as

i=N
ARE (%) — ;LI\(I)Z E |9 preda—qiexp! ' (E(] 57)

Qiexp
i=1

where i =1, ..., N is the adsorbate species.

5.2.4.1.2  lsosteric Heat of Adsorption

The isosteric heat of adsorption represents the energy difference between
the state of the system before and after the adsorption of a differential amount of
adsorbate on the adsorbent surface (Lyubchik ert al., 2011). It can also be defined
as the ratio of the infinitesimal change in the adsorbate enthalpy to the
infinitesimal change in the amount adsorbed (Do, 1998).

The knowledge of the isosteric heat of adsorption is essential for the
characterization of any gas-phase adsorption process, and the correlations that
describe the correct temperature dependence over a relatively wide range of
pressure are essential for designing and operating a gas-phase adsorption pro-
cess (Esteves et al., 2008). The isosteric heat of adsorption is usually estimated
from the temperature dependence of the adsorption isotherm (Builes et al., 2013
and Karavias and Myers, 1991).

It must be noticed that the assumption of a constant heat of adsorption, over
a relatively large temperature interval, introduces in practice only small errors in
the pressure and loading estimations (Shen et al, 2000). This is why the
assumption of a temperature-invariant heat of adsorption is frequently adopted
(Sircar and Cao, 2002).

For any given isotherm model, the isosteric heat of adsorption (—AH)
(k] / mol) can be estimated using the van’t Hoff equation (Do, 1998). This equation
is based on some simplifying assumptions: the adsorbed molar volume is ne-
glected and ideal behavior for the bulk gas phase is assumed (Holland et al.,
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2001). These assumptions, in most cases, have negligible impact on the estimated
value of the isosteric heat.

Applying the van’t Hoff equation to the Sips isothermal model, the isosteric
heat of adsorption in terms of the adsorbed amount g (mol/kg) can be written as
follows (Do, 1998):

(—AH) = Q — (aRTo)n21n< ) (Eq. 5.8)

s — q

or alternatively in terms of fractional loading 0 = q/qs,

0
(—AH) = Q — (aRT,) n?ln < — e)' (Eq. 5.9)

The heat of adsorption, Q, equals (- AH) when q/q; is 0.5.

5.2.4.2 Adsorption Potential Theory (APT)

One of the most widely used theories to describe physical adsorption of
gases and vapours onto microporous adsorbents is the Adsorption Potential The-
ory (APT), developed by Dubinin (1960, 1975) and reviewed by Tien (1994). The
APT has been widely used for correlating adsorption equilibria data on mi-
croporous carbons (Yang, 1987; Holland et al., 2001 and Rouquerol et al., 1999).

This theory assumes that (i) the adsorbed phase is considered to behave as
a liquid, (ii) the adsorbate progressively fills the pore volume and (iii) only the
unoccupied volume remains available for adsorption. The difference in free
energy between the adsorbed phase and the saturated liquid sorbate, determined
from the ratio of the adsorbate saturated vapor pressure and the equilibrium

pressure, is referred to as the adsorption potential, 4.

The APT states that for a given gas—solid system the specific volume of the
adsorbed phase, W, is a function of ¢ (Eq. 5.10):

W = qVn-W(4), (£q.5.10)

where g is the total amount of gas adsorbed at equilibrium and Vi (T) is the

molar volume of the adsorbed phase at temperature T. The adsorption potential
is defined as

4= RTIn <%), (Eq.5.11)
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where P is the equilibrium pressure at temperature T, P (T) is the saturated
vapor pressure of the adsorbate, and R is the ideal gas constant. In order to cor-

rect the non-ideal gas behavior, at high pressure, P and P, should be replaced by

the corresponding fugacities, f and fs.

The functional relationship between ¢and W is typical of a given gas—solid
system and it is known as the characteristic curve. The characteristic curve is tem-
perature independent, thus the adsorption equilibrium measurements per-
formed at one temperature should be sufficient to describe the adsorption equi-
libria at all temperatures for the same gas—solid system (Yang, 1987 and Agarwal
and Schwarz, 1988). Therefore, the APT allows the prediction of single-compo-
nent adsorption equilibria from a limited set of experimental measurements. Ad-
ditionally, in many cases, the theory can be generalized if an affinity coefficient
or scaling divisor, f3, is used as a shifting factor to bring the characteristic curves
of all adsorbates on the same adsorbent into a single curve (Yang, 1987 and S.D.
Mehta, 1985). Under this assumption, Eq. 5.10 is replaced by

W = qVn=W (") (£q.5.12)
with
o = <%) (Eq. 5.13)

Eq. 5.13 becomes characteristic of a given adsorbent and it is potentially ap-
plicable to all adsorbates. Several works have corroborated the applicability of
the APT theory (Chang and Talu, 1996; Camacho et al., 2015; Holland et al., 2001;
Mota and Rodrigo, 2000).Wood (2001, 1992) has published an extensive compila-

tion of experimental f values for gases and vapours on activated carbon. He

showed that B is highly correlated to the molecular parachor, according to
B =827 x 1073 (parachor)®°, (Eq.5.14)

where, in absence of an experimental Svalue, the parachor can be estimated

using the following correlation based on the critical volume, V, (cm’/mol),

parachor = 8.0 + 0.707 V. (Eq.5.15)

Whenever the conditions are below the critical temperature, T, of the ad-

sorbate, V,, is assumed equal to the molar volume of the saturated liquid at sys-

tem temperature, which can be estimated from the modified Rackett equation
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NN

RT, T
V= 7 [1 + (1 - —)] , (Eq. 5.16)
Pc TC

where P_ is the adsorbate critical pressure and Z, is its Rackett compressi-

bility factor. The constants in Eq. 5.16 can be obtained from the online NIST Da-
tabase, Vidal (1997) and from Spencer and Danner (1972). The saturated vapor

pressure, P, is estimated using the Wagner equation:

Pc

1.5 3 6
ln(Ps)zAx+Bx +Cx3+Dx ' le_Tl' (Eq.5.17)

1-x .

with adsorbate-specific constants A, B, C, and D taken from the literature
(Dubinin, 1975; Forero and Veldsquez, 2011; Reid et al., 2009).

Above T, the adsorbed phase is not well defined, and this has led to the
proposal of different approximations for V. Likewise, under these conditions,
the concept of vapor pressure doesn’t exist, and Py is a pseudo-vapor pressure.
Following the suggestions given by Agarwal and Schwarz (1988), P and V,, at

temperatures above T, were estimated as

T\? V./V
p, = ( /Yo (Eq.5.18)

—| P, V,=V,exp[ 2(T —-Tp)], 2=In—"7—,

Tc) c m b p b) (TC _ Tb)
with T and V., the temperature and molar volume of the liquid adsorbate at

the normal boiling point, respectively, and Q an estimate of the thermal expan-

sion coefficient of the adsorbate in a superheated liquid state (Ozawa et al., 1976).

To obtain a workable isotherm model for process simulation, the experi-
mental characteristic curve is fitted to the modified Dubinin—Astakhov (D-A)
equation (Dubinin, 1975; Dubinin and Astakhov, 1970; Ozawa et al., 1976)

W =W exp(=y¢'"), (£q. 5.19)
where W/W is the fractional filling of the specific (micro)pore volume of

the carbon, W, accessible to the adsorbate, y is a parameter function of the

characteristic energy for the solid-fluid system, and 7 is a parameter related to
the pore size distribution. The values of these parameters are determined from

the linear fitting of In[In(W,/W)] versus In ¢'. Alternatively, In(Ws/W) can be ex-

pressed as a polynomial expansion in ¢, where a third-order polynomial expan-
sion usually suffices:
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In(W,/W) = a;¢’ + a,'> + az'. (Eq. 5.20)

5.2.4.3 Dynamic assays and Kinetics

The breakthrough experiments were modelled by means of computational
simulation to understand the adsorption kinetics of the solid-fluid system

studied. For this purpose, a trace system of an adsorbate component (CO; or

CHy), diluted in a non-adsorbing (or weakly adsorbing) carrier or eluent gas (He)

was considered, where the velocity changes across the mass transfer zone were
assumed negligible and the temperature was considered constant (isothermal
trace system).

In a real trace isothermal system, the outlet response is dispersed as a result
of the combined effects of axial dispersion and of the mass transfer resistance,
that is due to the intraparticle diffusion and to the external film mass transfer
resistance. The flow rate was considered high enough to assume negligible film
mass transfer resistance.

The mathematical model built for the simulations is based on the following
assumptions: (i) ideal gas behaviour, (ii) homogeneous bed porosity, (iii) mass,
heat and momentum transport in the radial dimension is neglected, (iv) the axial
dispersed plug-flow and Linear Driving Force (LDF) approximation for lumped
solid-diffusion mass transfer are considered to provide a realistic representation
of the chromatographic column (Yang, 1987). Furthermore, the average particle
diameter, bulk porosity and tortuosity of the packaged bed are assumed constant
and independent of temperature.

The mathematical model applied uses the individual component mass
balance equations, coupled with boundary and initial conditions. The differential
material balance to the i component is expressed as

N azci_%),o<x<1 (Eq.5.21)

ot ep J Ot L \Pej 0x2 ox
where C and g are the concentrations in the gas phase and in the adsorbed
phase of component i, respectively; Pej= uL/Dj, the Péclet number, u is the in-

terstitial velocity, Djr, the axial dispersion coefficient, L is the column length, and

x = z/L is the dimensionless axial coordinate with z the axial coordinate along
the column.

The lumped solid-diffusion LDF model is described by
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dq; "
St = Kuori(ai — 4 (Eq.5.22)
where k;pr;is the LDF constant for component i and the equilibrium

loading, g,, is governed by a linear isotherm,

where K; is the Henry constant. Under linear adsorption conditions, the dis-
persed plug-flow model with lumped solid-diffusion LDF is well approximated
by an equilibrium dispersed plug-flow model (Ruthven et al., 1994 and Guiochon
et al., 2005; Ribeiro et al., 2017). Therefore, Eq. 5.22 can be rewritten as

_ ) 2c, ;
(1+22K) L=t(L 2a_2%) gcrcn (Eq.5.24)

£p ot L \Pe; 0x? dx

The applicable boundary conditions are

) =1 Eq.5.25
, X (Eq.5.25)
and
C,—Ccn=— "= x=0 (Eq.5.26)
b Pe; Ox’ o

The initial condition applied are

C; (t=0) =0 for yi+ carrier gas (Eq.5.27)

and

q; (t=0) = 0. (Eq.5.28)

When a fluid flows through a packed bed there is the tendency for axial
mixing to occur, that has the effect to reduce the efficiency of adsorption. In the
axial dispersed plug flow model used in this work, the effects of all mechanisms
which can contribute to the axial mixing are lumped together into a single axial

dispersion coefficient, Diji. (m*/s), whose value is calculated from the Péclet Num-
ber estimation, obtained by fitting the breakthrough experiments at diluted con-
ditions (CO,/He and CH4/He both at 0.5/99.5% v/v and 1/99% v/v) in gProms

(Process Systems Enterprise Limited, UK) simulator package.
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5.3 Results and Discussion

5.3.1 Selection of the Adsorbent

Among the materials produced MCW(PA)2h and MCW(PA)3h, the selec-
tion of the best candidate adsorbent for selective CO. capture from biogas streams
was based on the following parameters: (i) specific BET surface area, (ii) pore size
distribution (PSD), (iii) CO./ CH. ideal selectivity, and (iv) adsorbent working ca-
pacity (ie, the difference in CO. capacity between adsorption and regeneration
conditions) (Chue et al., 1995). The adsorption kinetics and the tolerance of the
adsorbents against water, pressure cycling, and energy requirements for
regeneration were not taken into consideration in this preliminary screening.

As mentioned in Chapter 4, the textural characterization, namely the BET

analysis obtained from the Ny adsorption at 77 K, showed higher specific surface

area and microporous volume for the MCW(PA)3h sample in comparison with
those obtained for the activated carbon MCW(PA)2h (Table 4.6). This suggests
that AC MCW(PA)3h should have more potential for the target application.

The single component adsorption equilibria of CO, and CHy in the acti-

vated carbons MCW(PA)2h and MCW(PA)3h are presented in Figure 5.3. The
respective Tables 5.3 and 5.4 show the experimental values of the adsorbed
amounts obtained. The adsorption isotherms predicted from the Sips model are
in excellent agreement with the experimental data obtained. As verified in Table

5.4 the sample MCW(PA)3h provides higher CO, uptakes relative to the acti-
vated carbon MCW(PA)2h, within the operating pressure ranges studied.
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gtot (mol/kg)

Figure 5.3: Single-component adsorption isotherms of COz (diamonds) and CHy

(squares) at 303.15 K in samples MCW(PA)2h (red symbols) and MCW(PA)3h (blue sym-
bols). Closed symbols denote adsorption data and open symbols denote desorption ex-

perimental data points for CO2 and CH4, whereas the lines are the predictions of the

Sips isotherm model. The individual average errors (ARE) are 5.33% for MCW(PA)3h
and 5.23% for MCW(PA)2h.

Table 5.3: Experimental CO, and CHjy adsorption equilibria data of MCW(PA)2h at
303.15 K.

CO, CHy
P q p q

bar mol/kg bar mol/kg
0.32 1.06 0.48 0.53
0.80 1.99 1.04 0.10
291 3.58 3.06 1.89
5.89 443 6.15 2.54
8.22 4.80 8.33 2.82
12.10 5.21 12.14 3.17
15.95 5.48 15.94 341
13.87 5.50 13.86 3.32
10.13 521 10.22 3.04
5.00 4.46 4.80 2.34
2.38 3.53 2.19 1.65
0.93 2.34 0.90 0.10
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Table 5.4: Experimental CO, and CHjy adsorption equilibria data of MCW(PA)3h at

303.15 K.
COy CHy
p q p q
bar mol/kg bar mol/kg
1.05 1.25 0.50 0.72
1.75 2.30 1.10 1.20
3.78 3.69 2.77 1.98
6.85 477 5.64 2.70
8.81 5.27 7.94 3.09
12.50 5.75 11.61 3.51
16.94 6.18 15.88 3.86
13.76 6.04 14.13 3.81
9.55 5.62 10.27 3.45
413 4.59 5.08 2.68
2.78 3.97 3.07 2.16
1.64 3.34 1.91 1.72
0.50 2.46 0.84 1.10
0.02 1.63 0.32 0.61

In cyclic processes such as PSA, the difference in the uptake capacity be-

tween adsorption and regeneration conditions is of extreme importance, apart

from a high CO; uptake at higher pressures. Specifically, when considering ap-

plications of CO; separation from biogas streams using pressure-swing cyclic

processes, the feed total pressures are between 6-10 bar (Augelletti et al., 2017
and Lestinsky et al., 2014) and the affluent stream compositions is mainly com-

posed by 30-40% v/v CO; in CHjy. The respective regeneration pressures are

typically sub-atmospheric (Grande, 2011; D. Ruthven et al., 1994). With this target
application in mind, one can conclude that the adsorbent sample MCW(PA)3h

shows superior CO; working capacities of about 11%, at a CO; partial pressure

of Pcop = 1.8 bar; and of 18% at Pcop = 4.0 bar, in comparison with MCW(PA)2h

(Figure 5.4).
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Figure 5.4: CO2 working capacities at 303.15 K of samples MCW(PA)2h (dashed line)
and MCW(PA)3h (solid line).

The CO; ideal selectivities, aco,/cy,, is MCW(PA)2h and MCW(PA)3h car-

bons was expressed as calculated from the single components experimental equi-
librium measurements performed at 303.15 K on accurately fitted with Sips iso-
thermal model using with the Eq. 5.33

co
X co,/CHy = 9(C0)pr q(CHy)p 7’ (Eq 5.29)

where q; is the Sips predicted amount adsorbed (mol/kg) at the equilibrium
of component i.

The results obtained showed that, at Pcop between 1.8 and 4.0 bar, the two

tested adsorbents provided similar CO,/CHy ideal selectivities, with values
ranging from 1.62 -1.71 for MCW(PA)3h to 1.69 - 1.88 for MCW(PA)2h. Sample
MCW(PA)3h shows higher selectivity values. The results obtained are in agree-
ment with selectivities provided in literature by similar renewable adsorbents
(Peredo-Mancilla et al., 2018; Alvarez-Gutiérrez et al., 2014 and Alvarez-
Gutiérrez et al., 2016) .

From Figure 5.5 it can be concluded that sample MCW(PA)3h is the most
suitable candidate as adsorbent for CO; separation in CHy enriched streams. This

activated carbon presents the higher specific surface area (BET), microporous

volume, more favourable pore size distribution towards CO; and higher working
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capacity in comparison with the analogue properties obtained for sample
MCW(PA)2h.
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Figure 5.5: Ideal CO2/CHy selectivity as a function of the CO; partial pressure at 303.15
K of the activated carbons MCW(PA)2h (dashed line) and MCW(PA)3h (solid line).

5.3.2 Single- Component Adsorption Equilibria

5.3.2.1 Analysis Using Sips Model

The experimental adsorption equilibrium data of CO, and CHy in sample

MWC(PA)3h, measured at 303 K, 323K and 353 K, and up to 16 bar, were fitted
to the Sips adsorption isotherm model.

Tables 5.4 and 5.5 report the experimental data points obtained and Figures
5.6 and 5.7 present the predicted fittings and their comparison with the experi-
mental results.

The fitting of the isotherm data obtained at multiple temperatures allowed
to obtain optimal values of the parameters characterizing the adsorption iso-
therm model applied.

As a first approximation, the fitting parameters ¢, n and b, were considered
temperature independent in order to obtain initial guess values for these pa-
rameters. Their dependencies of temperature were then incorporated into the iso-
therm model to obtain a global equation able to describe the adsorbent-adsorbate
system at all ranges of temperature. Figures 5.6 and 5.7 represent the global fit-
tings of the experimental data by using the Sips model.
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Table 5.5: Experimental CO; and CHy adsorption equilibrium data of MCW(PA)3h at
323 K and 353 K.

T=323 K T=353 K
COy CHy COy CHy
p q p q p Q p Q
bar mol/kg bar mol/kg bar mol/kg bar mol/kg
0.01 0.00 0.02 0.00 0.02 0.00 0.00 0.00
0.32 0.92 0.57 0.57 0.43 0.62 0.54 0.36
0.91 1.82 1.25 0.96 1.03 1.25 1.57 0.81
2.70 3.12 2.91 1.63 2.60 2.28 3.12 1.28
5.88 4.23 5.68 2.19 5.59 3.34 5.81 1.88
7.97 4.73 7.83 2.65 7.83 3.84 8.10 2.23
11.80 5.30 11.70 3.11 11.43 4.52 11.82 2.69
15.94 5.74 15.66 3.46 15.67 5.05 15.86 3.06
14.00 5.62 13.85 3.29 14.17 4.88 13.91 2.90
10.26 5.14 10.18 2.92 10.23 4.36 10.23 2.52
5.18 4.24 5.07 2.12 497 3.26 5.06 1.68
3.58 3.71 2.82 1.56 3.34 2.73 3.03 1.26
1.86 2.84 1.82 1.20 2.23 2.24 1.85 0.92
0.98 2.11 0.80 0.67 1.14 1.56 0.67 0.43
0.45 1.33 0.28 0.26 0.43 0.00 0.20 0.14

Table 5.6 lists the optimal isotherm parameters obtained by simultaneously
fitting all the adsorption equilibrium data at multiple temperatures for each ad-
sorbate.

As shown in Figures 5.6 and 5.7, the Sips model predictions are in excellent
agreement with the experimental data. The average relative errors (ARE) found
for the temperature-dependent fitting are lower than 10%. This demonstrates
that Sips model can be confidently employed to accurately correlate the adsorp-
tion equilibria of the two adsorbates. The multicomponent form of the Sips model
can be used to describe the adsorption/desorption behaviour of the biogas fed to
an upgrading process, such as PSA.

The amounts adsorbed at saturation conditions are 8.32 mol/kg and 5.65
mol/kg for CO. and CH,, respectively. The carbon adsorbent is sufficiently selec-
tive to CO. for making it a good candidate for biogas purification.

The adsorption isotherms (Figures 5.6 and 5.7) show that, at the same (P, T)

operating conditions, the amount of CO; adsorbed is significantly higher than

the adsorbed quantity of CHy.
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qt (mol/kg)
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Figure 5.6: Absolute adsorption-desorption isotherms of CO2 on MCW(PA)3h at 303.15

K (red), 323.15 K (blue) and 353.15 K (green). Closed symbols denote adsorption data
and open symbols denote desorption data. The solid line represents the global predic-
tions obtained with the Sips model. The FSE is 0.13 and the ARE is 6.61%.

qt (mol/kg)

Figure 5.7: Absolute adsorption-desorption isotherms of CH4 on MCW(PA)3h at 303.15

K (red), 323.15 K (blue) and 353.15 K (green). Closed symbols denote adsorption data
and open symbols denote desorption data. The solid line represents the global fittings
obtained with the Sips model. The FSE is 0.06 and the ARE is 8.10%.
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Table 5.6: Temperature-dependent parameters obtained by fitting the Sips Isotherm
model to the experimental adsorption equilibrium data (T0= 303.15 K).

Parameter Unit Sips Model

COy CH4

Gso mol/kg 8.32 5.65

bo 1/bar 0.27 0.17

o - 0.10 0.10

To - 1.39 1.25

Q KJ/mol 17.1 154

FSE - 0.13 0.07
ARE % 6.61 8.10

This phenomenon can be ascribed to the large quadrupole moment of CO,

compared to CHy (CHy4 does not have a quadrupole moment), that is able to
strong interact with the heterogeneous surface of the adsorbent. This property
leads to a higher affinity of the adsorbent surface for COy which results in an
increased uptake (Arefi Pour et al., 2015). Moreover, this mechanism is favoured
by the higher heterogeneity provided by CO,/adsorbent than CH4/adsorbent

system, as shown by the higher value obtained for the parameter n during the
fitting with the Sips model (Table 5.6). This heterogeneity is introduced by the
presence of a network of (micro-meso) pores within the adsorbent, as well as by
a distribution of chemically distinct adsorption sites within the pores.

Figure 5.8 shows the variation of the Qg with pressure for each of the two
adsorbates studied, as determined from the temperature-dependent Sips iso-
therm model; the selected temperatures for plotting the results are those at which
the adsorption equilibria were measured. In the Henry’s law region (lim 6 — 0),
the isosteric heat of adsorption for CO», calculated from the Sips isotherm model,
is 21.5 kJ/ mol, decreasing with increased loading until levelling off at an average
plateau of 17.1 kJ/mol at higher pressures. The values of Q. obtained from the
Sips fittings are in agreement with the values referred by literature, being some-
times slightly lower than those reported for activated carbons produced from re-
newable biomasses (Alvarez-Gutiérrez et al., 2016; Durén et al., 2018), sometimes
slightly higher (Kacem et al., 2015), as listed in Table 5.7. Regarding CHy, a value

heat of adsorption of 17.4 k] /mol is estimated in the Henry’s law limit, and then
it decreases to 15.5 kJ /mol as pressure and loading increase. From Figure 5.8 it is
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also concluded that the variation of Qg with temperature for CO, and CHy is
quite small over the temperature range analysed in this study. This corroborates
the usual simplifying assumption regarding the temperature invariance of Q.
over a broad temperature range (Esteves et al.,, 2008). When the value of Q.
slightly decreases with increasing loading, showing that the carbon is energeti-
cally heterogeneous for the adsorption of CO, and CHy (Esteves, 2005; Shen et

al., 2000; Sircar and Cao, 2001), with a tendency to show a balance between the
strength of cooperative gas—gas interactions and the degree of heterogeneity of
gas—solid interactions (Dunne et al., 1996). This behaviour is typical of most
amorphous adsorbents, such as activated carbon. At low pressures, the high-en-
ergy adsorption sites are preferentially filled; at higher pressures, the low-energy
sites are preferentially filled.

24

Q (KJ/mol)
&

0 2 4 6 8 10 12 14 16
P (bar)
Figure 5.8. Isosteric heats of adsorption predicted by the Sips model as a function of
pressure for CO; (diamonds) and CHy (squares) at 303.15 K (red), 323.15 K (blue), and
353.15 K (green).

From an engineering point of view, the heat of adsorption is a measure of
the energy required to regenerate an adsorbent as it provides an indication of the
temperature variations that might be expected on the bed during adsorption (and
desorption) under adiabatic conditions. Therefore, although high adsorption en-
ergies are associated with high selectivity, it is generally desirable for the strongly

adsorbed component as CO; to have a relatively low adsorption enthalpy in or-

der to reduce the regeneration requirements. The relatively low Q. provided by
MCW(PA)3h is a favourable feature of this AC to be tested in cyclic separation
processes.
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The Table 5.7 shows the comparison of the CO, adsorption capacities ob-
served in the range of CO, partial pressure of interest for biogas purification (ap-
prox. Pe., of 1.8-4.0 bar) and the isothermal parameters obtained from the fitting
with the Sips and Toth isotherm models of similar activated carbons produced
both from renewable and coal-based precursors. The sample MCW(PA)3h used
in this work provided higher adsorption capacities than the ones reported for
coal-based ACs (Esteves et al., 2008) and the most of the bio-based ACs, with the
only exception of the ACs produced from Babassu coconuts shell (Vilella et al.,
2017).

The coal based ACs showed higher uptakes at higher loadings, as suggested
by the predicted values of the CO, adsorbed amounts at saturation (gsp). In the
range of the partial pressures of interest for the biogas upgrading, sample
MCW(PA)3h provided higher CO, uptakes than the ones reported for coal-based

commercial ACs and similar uptakes to the ones reported for the bio-based ACs;
the Babassu coconuts shell ACs are the exception that provided better perfor-

mance both in terms of working capacities, as in terms of CO, selectivity (Vilella
etal., 2017).
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Table 5.7: Comparison of different activated carbons suitable for the removal of CO; in biogas upgrading applications.

Total Mi
- Pore o T [a] o Ref
Adsorbent Activation  BET cropore ef.
v vol- Volﬁme Qst No Jso bo q (aprox) CO,/CHy
ume
m2/ g em’/ g cm/g K  kJ/mol - mol/kg 1/bar mol/kg
h Physical 303 3.1-44 - (Alvarez-
Cherry stone /COs 1045 0.48 0.40 13 19.12 1.34 10.88 0.10 9537 ggggirg)z et
[b] . [c] . _
](Bjix . Physical 1452 0.65 0.60 203 ] 0.552 14.67  0.401 3.8-5.2 2.5-3.5 (Vilella et al,
parh U /CO2 809  0.39 0.32 o743l¢l 1049 0343 3245 4038  2017)
Physical / (Kacem et al.,
CS H,0 1087 0.44 298 14.28 - - - 1.7-24 - 2015)
Physical O b
) ) ) [d] ) gungbenro

Date Seed /CO, 627 0.23 303 18.79 0.00016 etal, 2018)
Pine Saw- Physical 303 3.2-4.2 - (Durén et al.,
dust /CO, 788 0.34 13 24.20 - - - 9533 ] 2018)
Coal based 310 1.8-3.0 - (Esteves et
AC - 1342 0.85 0.77 13 19.58 1.25 20.6 0.036 1304 i al, 2008)
Norit R2030 (Plaza et al.,
AC - 942 303 0.8-1.4 - 2010)

Physi- 303 3.1-43 )
MCW(PA)3h cal/COy 886 0.38 0.35 03 17.14 1.39 8.32 0.27 537 1.62-1.71 This work

Q. Isosteric heat of adsorption for CO..

HCS: Coconuts shell.

“ value of parameter f from Toth isothermal model.

4 measured at 1 bar
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5.3.2.2 Analysis Using the Adsorption Potential Theory
The Adsorption Potential Theory (APT) was applied in this work to the ad-

sorption equilibrium data of CO; and CHjg. The (micro)pore volume of

MCW(PA)3h was estimated through the APT, along with the predicted adsorption
isotherms. The results were consequently compared with the experimental data.

The molar volume V,, above the critical temperature of the adsorbate was
calculated using Eq. 5.21. For this purpose, a value for the thermal expansion

coefficient, 2, was assumed. The first calculations were performed employing
the values reported by Ozawa et al. (1976), which were subsequently fine-tuned

to obtain a prediction of the characteristic curve for each adsorbate. The final 2
values are listed in Table 5.8.

Table 5.8: Affinity coefficients (B) and thermal expansion coefficients (Q2) estimated for

COp and CH4 on MWC(PA)3h.

Parameter Unit COy CHy Ref.
Parachor» 91.2 732 q
Brald® 0.4006 0.4160 (Wood, 2001)
Pexpl 0.4006 0.3940
Qealc K- 0.0025 (Ozawa et al., 1976)
Qoxp K- 0.003 0.003

WFrom Equation 5.14 and 5.15 and listed in (Wood, 2001)

PFrom Equation 5.14 and 5.15.

A generalized version of the APT was employed to collapse all the
characteristic curves into a single master curve. For this purpose, the adsorption

potential for each adsorbate was scaled by the respective affinity coefficient, f.

The fvalues employed as first guesses were determined from Egs. 5.14 and 5.15.
These initial estimates were subsequently fine-tuned in order to obtain a better
superposing of the adsorption data for the different gases on the same adsorbent

into a single characteristic curve. The g values, first calculated (Bcalc) and lastly
modified (Bexp), are listed in Table 5.8.

Figure 5.9 displays the single temperature-independent characteristic curve
obtained for the adsorption of all the adsorbates on MCW(PA)3h, showing that

a single curve was successfully obtained. The solid line corresponds to the fitting
of the Dubinin-Astakhov (DA) model. The parameters found for the curve fitting
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predicted from the Dubinin-Astakhov (D-A) isotherm model (Eq. 5.13) to the
experimental data are:

Ws=0.313 cm®/g
7=9.80 x 109 (J /mol) ™

n = 2.08 (R2=0.9792)
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Figure 5.9b)

Figure 5.9: a) Characteristic curve obtained by collapsing the experimental data of CO;

(diamonds) and CHy (squares) into a single curve; the solid line represents the fitting

with the D-A isotherm model; b) Plot of the characteristic curve in log scale.
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The value of Ws (0.313 cm®/ g) obtained is in good agreement with the pore
volume of the sample MCW(PA)3h obtained by the textural analysis of the solid
(0.35 cm®/ g in Table 5.1).

The difference between the pore volumes can be relative to the presence of
mesopores. Moreover, the determined values are within the range of data
available in the literature (Durén et al., 2018; Ogungbenro et al., 2018; Vilella et
al., 2017).

Figures 5.10 and 5.11 show the D-A isotherm model predictions at 303.15
K, 323.15K and 353.15 K and their comparison with the experimental adsorption

equilibria of CO; and CHjy on the activated carbon MCW(PA)3h. The results ob-

tained show a good agreement between the D-A model predictions and the ex-
perimental data, being the ARE error of the fittings of the measured isotherms of

9.08% and 8.85% for CO, and CHy, respectively (Figures 5.10 and 5.11).

Although the D-A isotherm model is thermodynamically inconsistent when
the pressure is approaching zero (Henry law’s limit), it can be applied to predict
adsorption/desorption of the various adsorbates over a broad range of experi-
mental conditions (Do, 1998). The small scattering of the data points demon-
strates that the adsorption data for the various adsorbates have been successfully
correlated as a single temperature-independent characteristic curve. This fact
corroborates the applicability of the adsorption potential theory to the carbon
analysed. All the adsorption isotherms are classified as Type I (monotonically
concave isotherm) in the IUPAC classification, which is typically characteristic of
a microporous adsorbent (Sing, 1985; Thommes et al., 2015). Given that physical
adsorption is an exothermic process, it is favoured at lower temperatures and the
slope of its curvature decreases with increasing temperature.
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qt (mol/kg)

P (bar)

Figure 5.10: Absolute adsorption isotherms of CO2 on MCW(PA)3h at 303.15 K (red),

323.15 K (blue), and 353.15 K (green). The solid lines represent the predictions with the
D-A isotherm model. Closed and open symbols denote adsorption and desorption data,
respectively.

gt (mol/kg)

0 2 4 6 3 10 12 14 16
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Figure 5.11. Absolute adsorption isotherms of CH4 on MCW(PA)3h at 303.15 K (red),

323.15 K (blue), and 353.15 K (green). The solid lines represent the predictions with the
D-A isotherm model. Closed and open symbols denote adsorption and desorption data,
respectively.

5.3.3 Fixed-Bed Experiments

5.3.3.1 Fixed-Bed Experiments Results

The fixed-bed experiments for trace amounts of CO, and CHy diluted in He

were performed according with the operating characteristics and conditions
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listed in Tables 5.1 and 5.2, to study the system kinetics and provide the basis for
future modelling works of a PSA cycle. At these conditions, thermal effects in the
adsorbent bed due to adsorption are neglected and an isothermal behaviour is
ensured. Moreover, the temperature difference between the adsorbent and the
ambient fluid when sorption takes place was negligible (<0.5 K). The results ob-
tained were mathematically modelled in gProms and the respective equations
and boundaries are described in Section 5.2.4.3.

The CO, and CH4 adsorption capacities on the activated carbon MCW(PA)3h,

as well as the Henry’s constants, were predicted from the breakthrough times (ts)

at which the adsorbate starts exiting the column. At these diluted conditions, the
possible mass transfer resistances are diffusivity film mass transfer and axial dis-
persion. The flow rate employed was considered high enough to assume negligi-
ble film mass transfer resistance. The LDF (Eq. 5.22) and Henry’s coefficients (Eq.
5.23) determined from the modelling of the experimental breakthrough curves
are reported in Table 5.9.

Table 5.9: Breakthrough times (t.), Henry’s Constants (Ki) calculated from
the results of the dynamic assays and the adsorbent amount adsorbed (g,) ob-
tained experimentally.

T ts dexp Kj T t dexp Ki
Adsorbate K S mol/kg - K S -
1.0% v/v 05%v/v

303.35 2441  0.528 128 303.65 2449 0.263 126
CO» 32335 1578  0.324 83.1 322.65 2110 0214 111
353.25 947 0.179 50.0 354.55 1106 0.105  58.7
303.95 565 0.113 27.8 303.85 542 0.057 287
CHy 323.05 358 0.073 18.9 322.80 391 0.039  20.6
353.05 237 0.044 12.6 353.05 222 0.021 11.8

Figures 5.12 and 5.13 show the modelling results obtained from the diluted
CO,/He and CH4/He breakthrough simulations, and their comparison with the
respective experimental data.

As one can see, the model predictions show a very good agreement with
the experimental results, demonstrating that the axial dispersed plug-flow model

and LDF approximation for lumped solid-diffusion mass transfer can be success-
fully employed to the studied system.
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The time elapsed between the CHy and the CO; breakthroughs is indicative

of the separating capacity of the adsorbent bed under transient conditions. Also,
as the temperature increases, the adsorbate breakthrough occurs earlier, as ex-
pected. This is a consequence of the higher loading and adsorption effect at lower
temperatures. When the solid reaches saturation at the run conditions, the equi-
librium capacity is attained, and all the breakthrough curves tend to the inlet
concentration of the adsorbate at each experiment.
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Figure 5.12: Breakthrough simulations and their comparison with the experimental data
for the diluted mixture of a) 0.5/99.5% v/v and b) 1.0/99.0% v/v COy/He at 303.35 K
(red), 323.25 K (blue) and 353.35 K (green). Dashed lines represent the experimental CO2

composition profile at the bed exit stream, whereas the solid lines denote the predicted

CO7 composition history.
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Figure 5.13: Breakthrough simulations and their comparison with the experimental data

for the diluted mixture of a) 0.5/99.5% v/v a) and b) 1.0/99.0% v/v CH4/He at 303.35
K (red), 323.25 K (blue) and 353.35 K (green). Solid lines are the experimental CH4 com-

position profile at the exit stream of the bed, whereas the dashed lines denote the pre-
dicted CH4 composition history.
The LDF coefficients, the Péclet numbers obtained from the breakthrough analysis

and the diffusivity coefficients (D;) calculated on the basis of the LDF coefficients (D; =
kit Rp2/15 gp ) are reported in Table 5.10.
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Table 5.10: LDF coefficients (k;), Péclet numbers (Pe;), the axial dispersion coefficients
(DjL) and the Diffusivity coefficient (D;) obtained from the fitting of the diluted CO, and

CH. (0.5% v/v and 1% v /v in He) breakthrough experimental curves.

T k Pe 10° Dy, 108Dy

Adsorbate K 1/s - m?/s m?/s
05% v/v 1.0% v/v

303.35 0.07 1.025 1.043 1.363

CO» 323.35 0.10 1.050 1.045 1.948

353.25 0.15 1.052 1.048 2.922

303.95 0.12 184 1.052 1.046 2.337

CHgy 323.05 0.14 1.047 1.047 2.727

353.05 0.20 1.057 1.056 3.896

Figure 5.14 reports the temperature dependence of CO; and CHy diffusiv-

ities in MCW(PA)3h AC and shows that the diffusivity increases with increasing
temperature.
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D (m2/s)
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1.0E-08

0.0E+00
26 28 3 32 34
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Figure 5.14: Correlation of diffusivity coefficients of CO; and CHjy against the average
experimental temperatures of 303.15 K, 323,5 K and 353.15 K. Diamonds and squares
correspond to CO3 and CHy, respectively.

The diffusion mechanism is an activated process,
D=Dye /rr (Eq.5.30)

where E is the diffusional activation energy, generally smaller than the heat

of adsorption, and D, is a parameter.
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reports the calculated values for the adsorption activation energy and for

the parameter D,,.

Table 5.11: Adsorption activation energy and Do calculated for COp and CHy

COy CHy
Do: m2/s 2.99E- 1.04E-
06 6
E KJ/mol 13.4 9.4

5.4  Conclusions

Among the produced activated carbons from Maize Cob Waste,
MCW(PA)3h can be considered the most suitable candidate for CO; separation

due to its higher specific surface area (BET), higher microporous volume, more
favourable pore size distribution and higher working capacity, when compared
to others AC studied.

The study of the adsorption equilibrium measurements of CO; and CH,on

MCW(PA)3h activated carbon showed that the Sips isotherm model can be con-
fidently employed to accurately correlate the adsorption equilibria of the two ad-
sorbates. The MCW(PA)3h carbon adsorbent demonstrated to be sufficiently se-

lective to CO, for making it a good candidate for biogas purification.

Moreover, the experimental adsorption equilibrium data were successfully
correlated using the APT in the form of a characteristic curve. The existence of
little scatter in the characteristic curve data demonstrates that the isotherms of

CO; and CHy4 were successfully correlated as a single temperature independent
curve. This corroborates the applicability of the APT to the carbon under study.

The regressed value of Wy is in good agreement with the total pore volume de-
termined from the Ny adsorption at 77 K. In the range of the partial pressures

typical for biogas upgrading units, MCW(PA)3h showed higher CO; uptakes
than the ones reported for coal-based commercial ACs and similar uptakes to the
ones reported for the bio-based ACs. Finally, the axial dispersed plug-flow and

Linear Driving Force (LDF) approximation for lumped solid-diffusion mass transfer
model used for the prediction of the dynamic behaviour of the adsorbate-adsor-
bent system, provided a good agreement with the laboratory experiments,
demonstrating its applicability to the system.
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Life Cycle Assessment of a

biorefinery for bioCH, production from
the Anaerobic co-Digestion of the
Organic Fraction of Municipal Solid
Wastes and Maize Cob Wastes

6.1 Introduction

The key targets of the European Union 2030 climate action point out for a
reduction by 40% of the emissions of greenhouse gases (GHG) and for an increase
of the total renewable energy consumption up to at least 32% by 2030, relatively
to the values of 1990 (European Commission, 2019).

Anaerobic Digestion (AD) offers the opportunity to produce biogas from
organic waste (Liu et al., 2015). Biogas can be upgraded to a higher methane con-
tent (>97% v /v) to produce bioCHy. When it achieves the quality of NG, bioCHy

is suitable for grid injection, or to be used as transportation fuel (EBA, 2015).

The bioCHjy potential is estimated to increase from 300 x 10° Nm? /y in 2010,
up to 18000 x 10° Nm?3/y in 2030 (EBA, 2015), suggesting that bioCHy is a consol-
idated marked, with a positive trend that will continue in the near future (URL2,
2016). Therefore, opportunities for integrating bioCHy, particularly in Europe

and USA, are rising due to the spread of infrastructures for compressed natural
gas (CNGQG) for fuel stations and new technologies for vehicles. The introduction

of the European quality standard for bioCHy injection in NG networks, as well
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as for its use as transport fuel will contribute to its full integration in traditional
markets.

Under this framework, the maximization of the environmental benefits de-
rived from the biogas production and/or from the biogas upgrading process to

bioCHy is a priority.

The use of Life Cycle Assessment (LCA) methodology allows to quantita-
tively analyse the life cycle of biogas and bioCHy within the context of the envi-

ronmental impacts, providing a useful support for strategic future decisions
(Goedkoop and Huijbregts, 2013).

This work comprises the LCA of a biorefinery that it is not yet implemented,
but that was hypothesised for an existing Portuguese AD full-scale plant, cur-
rently processing 40000 t/y OFMSW. It is assumed that the biorefinery would

include (i) an AcoD using MCW as co-substrate; (ii) a H.S removal unit from bi-
ogas stream based on the use of activated carbons produced from MCW, and (iii)

an upgrading process to bioCHy based on PSA technology.

This LCA is highly reliable because most of the input data have been col-
lected at the AD full-scale plant and the scenarios analysed were developed
based on the upscaling of the laboratory results obtained by the authors in pre-
vious published works (Surra et al., 2019, 2018b). Supplementary data were re-
trieved from peer reviewed papers and scientific reports.

6.2 Goal and Scope

The main aim of this study is a reliable assessment of the environmental
benefits generated from different uses of biogas. The following three biogas pro-
duction configurations were considered: (i) AD of standalone hOFMSW (named
as hOFMSW) (ii) AcoD of hOFMSW with pre-treated MCW (named as
hOFMSW+Pre3), and (iii) AcoD of hOFMSW with non-pre-treated MCW (named
as hOFMSW+MCW). The detailed description of the pre-treatment Pre3 to which
MCW was submitted before AcoD was reported elsewhere (Surra et al., 2018a,
2018b). In summary, this pre-treatment comprises a room temperature chemical
pre-treatment at pH of 9.8 in presence of hydrogen peroxide in a ratio of 0.5 with

MCW (wH7O/wMCW). The most environmentally favourable configuration for
the biogas production through AcoD was considered for the next step of the LCA,

in which the biogas upgrading to bioCHy was assessed. The base scenario, to
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which all the other upgrading scenarios were compared to, included the conver-
sion of biogas into electricity and heat (CHP).

Within the main aim, this study also intends to evaluate the environmental
benefits generated from the substitution of a commercial activated carbon (CAC)

used in H)S removal from biogas by activated carbons produced from MCW
(MCW(PA)3h). This is the biogas preconditioning process that was located before
the upgrading process to bioCHas. The physic-chemical characterization and ad-

sorption capacities of these ACs, as well as the production methodology of
MCW(PA)3h were reported elsewhere (Surra et al., 2019).

The plant performances for each scenario have been compared to each other
in a LCA perspective using the same functional unit: 1 m’ biogas (STP). This ap-
proach allowed to compare the overall environmental sustainability of the

bioCH4 production with the direct electricity and heat production from biogas,

through the quantification of the associated environmental impacts.

In defining the scope of this study, the base scenario (hOFMSW) refers to a
real Portuguese AD plant that currently processes 40000 t/y of OFMSW. The or-
ganic waste is coming from canteens, restaurants and malls located in the vicinity
of the AD plant. This AD plant operates 302 d/y, 24 h/d. It includes (i) two wet
anaerobic digesters operating continuously under thermophilic regime (50-55
°C) and producing 560 m> Nm®/h of raw biogas (Personal Communication,
2016); (ii) a CHP unit producing electric energy that is sold to the Portuguese
national grid and providing the heat for internal use; the heat excess is lost to the
atmosphere as no industrial heat is needed in the vicinity. The electric energy
needed for the operation of the plant is bought from the national grid. The AD
plant produces an average of 560 t/y of compost that is sold as a soil organic
amendment (Personal Communication, 2016).

The AcoD scenarios took into consideration the harvesting, grinding and
transport of MCW from rural area sited 50 km far from the AD plant.

The harvesting of MCW required for the production of MCW(PA)3h acti-
vated carbon was carried out, according to the MCW local availability, in a rural
area located approximately 86 km from the AD plant. The production of
MCW(PA)3h activated carbon is performed in an industrial furnace that was in-
tended to be built in the vicinity of MCW fields in order to reduce the transport
costs and environmental impacts. The overall MCW availability was assessed on
the basis of personal communication with the Portuguese national producers as-

sociation of corn and sorghum (Anpromis, 2016).
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The bioCH4 upgrading unit is intended to be built in the existing AD plant

area and includes: (i) an adsorption unit for HS removal, (ii) a compression and

biogas drying unit, and (iii) a PSA unit (Hoyer et al., 2016).

The mass and energy flows for the alternative plant configurations ana-
lysed, and the identification and quantification of all the direct, indirect and
avoided burdens are reported in Figures 6.2- 6.5 and Tables 6.1-6.4.

The background and foreground system boundaries, as defined by
Frischknecht (1998), are reported in Figure 6.6. They include all the activities from
bio-waste delivery at plant entry gates up to the management of all process
products (e.g., compost, ACs, biomethane) and wastes produced. The analysis
includes the capital goods, as they are estimated in Ecoinvent v.3.4 database and
is performed following the cradle-to-gate approach.

The allocation of impacts was developed according to the system expansion
methodology proposed by Clift et al. (2000). This methodology consists in the
identification of the product obtained that can replace less sustainable products
already present in the market. In the present study, these products were (i) the
part of electric energy not yet produced from renewable sources, (ii) replacement
of NG by biomethane, and (iii) replacement of chemical fertilizers by compost.
This approach is known as the “avoided-burden method”.

The quality of data is high since all the data used to calculate the impacts
related to AD and AcoD derived from confidential information and measure-
ments related to the mentioned AD plant, or from the laboratory assays per-
formed by the authors in the previous published works (Surra et al., 2019, 2018a,
2018b). MCW availability and its distribution is based on real data provided by
the Portuguese national producers association of corn and sorghum (Anpromis,
2016). The remaining data, mainly related to the indirect and avoided burdens,
came from the Ecoinvent v.3.4 database, technical reports and studies recently
published in scientific literature, which are all cited along this manuscript.

The avoided impacts, related to the use of biogas for electric energy

production and NG substitution by bioCHy as fuel for automotive, have been

evaluated on the basis of Ecoinvent v.3.4 database, referring to electric energy
production mix, in Portugal, in the year of 2014, and to the NG production,
transport and marketing from high pressure network (1-5 bar) at service station,
respectively.

The compost production is intended to avoid the production of the equiva-
lent amount of chemical fertilizers, being the organic compost able to guarantee
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similar or even higher crop yields, reducing nutrient-leaching risks, while im-
proving the chemical, physical and microbiological properties of soil (Han et al.,
2016; Herndndez et al., 2016; Oliveira et al., 2018).

No avoided burdens were considered for the MCW(PA)3h production pro-
cess. The amount of MCW and hard coal needed for MCW(PA)3h and CAC pro-
duction, respectively was calculated on the basis of the adsorption capacities
measured by the authors under laboratory conditions (Surra et al., 2019).

The present LCA study is developed by using the ReCiPe2016 impact
method, that allows to transform the long list of life cycle inventory results, into
a limited number of environmental impact scores, known as the impact catego-
ries (Huijbregts et al., 2017). In this work, the impact categories were calculated
at the “Endpoint” level and directly related to the damage to human health, eco-
system quality, and resource availability areas of protection. The perspective
adopted is “Hierarquist”, regarding the time and expectations that proper
management or future technology development can avoid future damages.

The software package used for this study is the GreenDelta openLCA Ver-
sion 1.8.0 (Mac OS x86_64), which allows the comparative analysis of the
different scenarios through the application of the “System Project” tool.

6.3 Life Cycle Inventory

The study comprised the collection of all data, whether measured, calcu-
lated or estimated, necessary to quantify the inputs and outputs of each unit pro-
cess included within the system boundaries. The specific values of the main pa-
rameters used are reported in Table 6.1. Tables 6.1 to 6.5 integrate the values re-
ported in the different plant configurations analysed in this study (Figures 6.1 to
6.5).
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Table 6.1: Integrated data of the flow sheets used to estimate the environ-
mental burdens of OFMSW and MCW collection and transport for AD and AcoD

processes.
Parameter Unit Amount Reference
OFMSW MCW

Total amount of OFMSW 40000 [1] 675 (2] [ (Personal

OFMSW (by diesel lorries) 24172 [3] - Communication,

OFMSW (by NG lorries) 15828 [3] - [22(;16)

Diesel for OFMSW transport t/y 219 13 3.65 2 A C[gllculla’csd from

NG for OFMSW transport 349 [3] . recs?ﬂts aboratory
[3] (Private

Diesel for MCW harvesting - 11.8 [ Communication
2016)

Emissions to air

CO»y 15.9E+05 3.96E+04

CcO 1.66E+03  2.81E+01

6.12E+02

CHy L41E+00  4jculated from the

N>O ke / 1.11E+01 4.87E-01 Emission Factors

NOx 8 s1E+03  434E+02 (EF) proposed by
Ntziachristis et al.

NH3 2.84E+00  1I13E-01 (01g)

SO» 274E+00 1 36p

NMVOC 4.20E+02  1.90E+02

VOC 12.78E+02 3 96E+04

Tables 6.2 and 6.3 summarize the specific values of the main parameters

used together with those of flowsheets reported in Figure 6.1 and 6.2 to estimate

the environmental burdens of AD and AcoD plant configurations.

The base-case scenario hOFMSW represents the current situation of the Por-

tuguese AD plant used as the case-study in this work. Figure 6.1 and Tables 6.1

and 6.2 report an essential, but exhaustive description of the unit processes. The

OFMSW are collected in the territories of three municipalities located nearby the

AD pant and are transported by lorries fleet fuelled with diesel and NG (which

are both fossil fuels). The impacts related to the specific air emissions due to

OFMSW transport have been quantified on the basis of fuel consumption and
distances travelled (Private Communication, 2016). The OFMSW amount fed to
the plant is assumed to be the same for the AD and AcoD scenarios.
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Table 6.2: Integrated data of the flow sheets used to estimate the environmental
and avoided burdens of the AD and AcoD processes.

Parameter Unit AD and AcoD Reference
hOFMSW hOFMSW hOFMSW
[1.2] +pre3l? mew 2
Biogas production m° /h 560 906 940 1] (Personal

Biogas production m3/ y  4.06E+06  6.57E+06 6.82E+06 Communic?
tion, 2016),

kWh/m
LHV 3 6.22 5.92 5.66 21 calcu-
EE production 7576406 117E+07  116E+07  lated on the
basis of
KWh/ AcoD labor-
Heat production Y 1.14E+07  1,75E+07 1.74E+07 atory results
(Surra et al.,,
2018b)
Emission to air from piping, tanks and valves during AD and AcoD
hOFMSW hOFMSW
hOFMSW " preg +MCW
CHy (biogenic) 4.03E-04  4.42E-04 250E-04  Calculated
ke /m3 from EF pro-
N»>0 g/m 4.67E-07 4.44E-07 4.25E-07 posed by
Liebetrau et
NHj3 1.62E-03 1.07E-03 6.17E-4 al. (2013)
Emission to air (Bobcat for MCW loading)
CO2 (fossil) - 4.92E-04 4.74E-04
CcO - 1.19E-06 1.14E-06
Calculated
N>O 8.00E-09 7.70E-09 from the EF
3
NOx kg/m - 5.23E-06 5.04E-06 Proposed by
Bobcat-
NH;3 - 2.04E-09 1.96E-09 Dorsan
(2018)
NMVOC - 3.01E-07 2.90E-07
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Table. 6.2. Continued. Integrated Data of the flow sheets used to estimate the environ-
mental and avoided burdens of the AD and AcoD processes.

Parameter Unit AD and AcoD Reference
hOFMSW  hOFMSW
hOFMSW "\ pie3 MCW
Emission to air from CHP (15% O3)
CHy4 (biogenic) 1.41E-05 8.94E-06 8.56E-06
COo (biogenic) 5.80E-01 6.47E-01 7.10E-01 Calculated on
CO 1.14E-04 1.09E-04  1.04E-04 the basis of EF
i i i propose y
NOx 6.05E-04 5.75E-04 5.50E-04 Vicente  (2015)
N>O 3 1.41E-05 8.94E-06 8.56E-06 and Kristensen
NMVOC kg/m” | 68E-05  160E-05  153E-05 etal.(2004)
PM1g 4.64E-05 4 41E-05 4.22E-05
Emission to air from Biofilter
hOFMSW  hOFMSW hOFMSW
1 1o +MCW
(1] +Pre3 [12] [1,2]
NH3 kg/ m> 7.01E-09 7.01E-09 7.01E-09

Emissions to water from WWTP discharge
hOFMSW  hOFMSW  hOFMSW

[1] +pre3 121 vicw [12]
BODs (20 ° C) BOSE-03  574E+00  5.12B03 [ (pgronal
G UED D comin
WS- >-36E- T o016), P Esti-

Total Chlorides
(CD)
Nitrites (NO») kg /m3 4.37E-03 2.87E-03 2.78E-03

403E'03 5.74E‘03 2.56E—03 mated from

AcoD laboratory
results (Surra et

Nitrates (NO3) 745E-04  3.12E-03  4.74E-04  al, 2018b)
g\};rogen total 328E-03  531E-04  2.09E-03

Piotal (P) 289E-04  234E-03  1.84E-04

Fats ~  (Ether 805E-04  2.06E-04  5.12B-04

soluble)

Avoided burdens

Electricity, kWh/y 757E+06  1.17E+07  1.16E+07

mix (PT)

Chemical

fertilizers, as N t/y 560 502 496
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MCW was considered as a co-substrate for both AcoD scenarios. MCW
feeding rate was calculated on the basis of laboratory results obtained by the
authors (Surra et al., 2018b), assuming an increase of the current OLR inside the
digesters of 15% (Surra et al., 2018a). The bulk densities of MCW were of 190

kg/m> and 240 kg/m? for bulk and ground (¢ < 1 mm) MCW, respectively, as

measured by authors.

It was assumed that MCW harvesting was carried out coupling the
harvester with a cob harvester of 3.6 m> loading capacity, that can collect MCW
separately from corn. The MCW harvesting operations are supported by a trailer
tractor equipped with a dumper (30 m? capacity), travelling alongside the
harvester to empty the cob harvester and transporting MCW to the limit of the
corn fields. The dumpers containing the cobs were then collected by dedicated
road trucks and transported to the grinding area. This area was in a central posi-
tion in respect to the corn fields, in a place where electric energy is available.
MCW grinding is required to reduce the transportation costs and to enhance its
anaerobic biodegradability (Surra et al., 2018a). The impacts associated to the
grinding of MCW were calculated assuming the electric energy consumption re-
ported by Gu and Bergman (2016) for woody materials. The ground MCW was
then transported to the AD plant. The crop area needed for harvesting the re-
quired amount of MCW was of 520 ha, being calculated in the basis of a MCW

yield of 1.3 tmcw/ha (Anpromis, 2016). The impacts related to the specific air
emissions due to MCW harvesting and transportation were quantified based on

the calculated fuel consumptions and distances travelled by collection machinery
and trucks.

Fuel consumption and distance travelled by the corn harvester and envi-
ronmental impacts due to the corn crop cultivation and harvesting were not
taken into consideration as they can be allocated entirely to the corn production
process. Independently of MCW harvesting and processing, corn crop would
always be cultivated.
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Table 6.3. Integrated data of the flow sheets used to estimate the environ-
mental burdens associated to the production of MCW(PA)3h and CAC activated

carbons.

Parameter Unit AC Reference
MCW(PA)3h CAC

MCW for AC production 2318 -
Hard Coal for CAC production t/y - 32882  Estimated
AC amount 487 14796  from  AcoD
H)S amount to be removed kg/y 7187 7187 ﬁls)lc;f;tory
AC adsorption capacity kg/kg 1.55E-02 5.10E-04  (Syrra et al.,,
Diesel for MCW harvesting ke / 29.3E+04 - 2019)
Diesel for MCW(PA)3h transportation &Y 3.7E+03 -

Emissions to air for MCW collection and MCW(PA)3h transport

COy 1.04E+05 -

CcO 2.48E+02

CHy 2.15E-01 -

N>O 4.60E+00 -
kg/y

NOx 1.25E+03 -

NH3 2.84E-01 -

SO, 1.48E-01 -

NMVOC 1.14E+02 -

VOC 6.11E+00

Emission to air during MCW carbonization

CO3 (biogenic) 1.64E+06 -

CO (biogenic) 1.16E+05 -

CHy 2.45E+04 -

Ethane 4.26E+03 -

Ethene ke/y  1.42E+03

PM> 5 2.74E+02

PM1o 3.35E+01

Emission to water during MCW carbonization

Water 1.18E+07 -

Water, GLO 1.86E+07 -

Calculated
from the EF
proposed by
Ntziachristis
et al. (2018)

Calculated
on the basis
of the Ecoin-
invent data-
base v3.4
and on the
results of
Mullen et al.
(2010)
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Table. 6.3. Continued. Integrated data of the flow sheets used to estimate the environ-
mental burdens associated to the production of MCW(PA)3h and CAC activated car-
bons.

Parameter Unit AC Reference
Mcw(eaih !t cacl?!
Emission to air during the activation process

CO» 8.81E+05 7.83E+07

H>O 4.38E+04

N> 8.91E+05

Oy 7.74E+05

H, 2.43E+03

CO 4.38E+03 8.55E+04

CHy 4.87E+02 8.55E+03

SO, 4.87E+02 4.28E+05

HCl 6.09E-01 3.46E+04 [1]

NOx 4.41E+01 1.71E+05 Calculated on

NMVOC kg/y 1.47E+03 the basis of the re-
sults obtained by

CoH4O/ Acetaldehyde 5.55E+00 Gu et al. (2019)

CgHg/Benzene 4.17E+01 428E+02 [2] Calculated ac-

CH0O/Formaldehyde 1.33E-02 6.84E+01  cording to the EF
reported on

CH40/Methanol 2.00E+00 Ecoinvent V34

C10Hg/Naphthalene 3.52E+00 database

CgHgO/Phenol 9.93E+12

CsHeO/Propanal 3.52E-02

Aluminum 9.15E+03

PM 2.24E+04 4.28E+04

Polonium-210 7.27E+04

Radium-228 5.56E+04

Lead-210 KBaq/ 3.98E+04

Uranium-238 a7y 8.55E+03

Potassium-40 1.15E+04

Radium-226 1.03E+04

Silicon 1.35E+04

Emissions to water during the activation process

Water, RER kg/y 1.02E+06 2.49E+01

For all the scenarios, the OFMSW received at the AD plant is mechanically
sorted in order to recover recyclable materials (glass and metals, mainly) and to
turn the substrate more biodegradable. 4400 t/y of glass, plastics and stones,
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representing an average of 11% w/w of the waste inlet (Vaz et al., 2010). These
materials are removed and recycled, except the stones that are landfilled.

In the scenario hOFMSW (Figure 6.1), the pre-treated OFMSW is fed to two
wet thermophilic anaerobic reactors of 3400 m? nominal capacity and Hydraulic

Retention Time (HRT) of 21 d. Periodic injections of compressed biogas guaran-
tee the adequate mixing inside the bioreactors.

The anaerobic bioreactors produce liquid digestate and biogas (Figure 6.1).
The raw digestate is dewatered through centrifugation. The liquid fraction is par-
tially recirculated to the pre-treatment section (Recirculated Sludge 1) (Figure 6.1
a)) and partially treated in the internal Waste Water Treatment Plant (WWTP),
consisting of a denitrifying-nitrifying biological system followed by a membrane
filtering system (ultrafiltration membranes) able to retain the suspended solids.
The sludge obtained from ultrafiltration membranes is recirculated to the pre-
treatment section (Recirculated Sludge 2) (Figure 6.1a). The wastewater excess is
than discharged into the municipal sewer: the treated wastewater mass flow rate
is approximately 35990 t/y with the average pollutant concentrations reported
in Table 6.2. All these values are below the limits imposed by the discharge li-
cense of the WWTP, as defined by the Portuguese legislation and the Environ-
mental Portuguese Agency.

The dried solid digestate produced during the centrifugation process is sent
to the composting tunnels. The compost is finally maturated in outdoor piles,
where compost suitable for agronomic use is obtained.

The produced raw biogas in hOFMSW scenario is composed mainly by
66.1% v /v CHa, 32.4% v /v COy, 970 ppmv HyS , with a degradation rate of 60%

Volatile Solids. These data are in agreement with scientific literature (Ardolino et
al., 2018).

A combined heat and power (CHP) system burns the raw biogas, with an
electric energy conversion efficiency of 30% and thermal energy conversion effi-
ciency of 45%. The remaining 25% conversion rate represents the energy losses.
The CHP system produces 7.57E+06 kWh/y and 1.14E+07 kWh /y of electric and
thermal energy, respectively. Internal consumption of the AD plant corresponds
to approximately 50% of the electric energy produced, which is used for the
operations of pre-treatment, anaerobic digestion, wastewater treatment, and
compost drying (3.90E+06 kWh/y).
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Table 6.4: Main characteristics of the raw biogas sent to the upgrading unit and of the

bioCH4 produced. Characteristics of the PSA upgrading unit and the environmental and

avoided burdens.

Parameters Unit Raw Biogas bioCH4* References
3
m”/y 6.81E+06 ) Personal
Flow rate m3/h 940 - Communication,
kg/y 7 45E+06 _ (2016) and estimated
Pressure mbarg 71 } on AcoD laboratory re-
Temperature °C 38-50 - sults
Gas Composition
CHy 60.3 96.0
CcO 7.0E-04
39.6 241
02 Calculated on the basis
HpS~ % v/]v 8.2E-02 - of the AcoD laboratory
H,0 1.4E+00 - results
NH3 3.2E-03 -
H, 9.0E-3 9.0E-3
LHV kWh/kg 5.66 9.67
PSA Upgrading Unit
Feed - 8 (Grande, 2011)
bar
Purge 5
bioCH . _ 9 (Ecoinvent, 2018) and
100-Hy purity % Q. Sun et al. (2015)
CHy Loss - 4
Emission to air during the upgrading process
CHy - 1.06E+05
Calculated on the basis
CcO -
C OZ kg/y i éiggig? of the Ecoinvent (2018),
' Grande (2011) and Q.
HzS - 2.34E+02 Sun et al. (2015)
NH3 - 1.50E+02
Emission to water during the upgrading process
Water kg/y - 954
Avoided burdens
Natural gas, PT kg/y - 2.85E+06

*

It was assumed that half of the HS present in the biogas stream was adsorbed on the AC during the upgrading
process, NH, exits entirely in the off gas stream (Hoyer et al., 2016), and water vapor is condensed and discharged
as a condensate during the biogas the drying step before upgrading.

** The amount of the HS in the feed was calculated on the basis of the breakthrough value used for HS removal

capacity assessment (ASTMD 6646) (50 ppmw).
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Figure 6.1: Flow sheets of mass (a) and energy (b) balances of the hOFMSW scenario (base case configuration). Data are ex-
pressed in kg/y for mass flow sheets (a) and in kWh/y for energy flow sheet (b) (functional unit: 1 m* biogas (STP)).
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Figure 6.2: Flow sheets of mass (a) and energy (b) balances of the hOFMSW+Pre3 scenario. Data are expressed in kg/y for mass
flow sheet (a) and in kWh/y for energy flow sheet (b) (functional unit: 1 m: biogas (STP)).

155



CHAPTER 6

Municipal

Plastic, Chemicals
. Glass and Pl TS WWTP '
Flgure 633) Water stones ' Resﬁ::(cjzleazed @ Process Loss
! .
T »(  0.01 Biofilter }_>
! Recirculated :
:. sludge 1 i 4.16 Off-gas
o T ; . ' g :
OFMSW i (Diesel) ! : Digestate Centrifugation : Compost :
Collectionand | —  ‘oo_._.__. ! . OtFMiw . hOFAMSW+t')YICW R R IIET ‘ e !
Transport | /7 O\ o . re-treatmen 136 naerobic o N
P OFMSW ! Digestion 115 %: Biogas i
(NG) i hOFMSW+ ! Off-gas
MCW LTI ! MCW i
Collection, \ Grinded ' e s
Grinding and ’ ' MCW

Transport

Figure 6.3b)

Combustion
Air

Electric Energy

MCW Collection
MCW Grinding @ 0
%
- Heat
MCW Transport @ Loss
MCW feed .
Collectionand | [/ i ) —— NS L Grid
Transport y (" Electric ;
(DIESEL) OFMSW Pre-treatment + ! Energy |
AD (hOFMSW+MCW) + Compost |-
drying + WWTP e
A A

Collection and

Transport (NG)

Electric Energy 0.87
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Figure 6.4: Flow sheets of mass (a) and energy (b) balances of the MCW(PA)3h scenario, including H»S removal, and biogas upgrading to

bioCHj. The plant configuration adopted for the biogas production is of hOFMSW+MCW scenario. Data are expressed in kg/y for mass
flow sheet (a) and in kWh/y for energy flow sheet (b) (functional unit: 1 m: biogas (STP)).
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The recovered heat is completely used for the internal necessities of the AD plant,
although, according to the calculation performed on the basis of the expected
thermal energy requirements of the AD plant (Baccioli et al., 2019; van Haaren et
al., 2010), most of the heat produced is currently lost (Figure 6.1).

Air emissions from CHP system in hOFMSW base case scenario have been
quantified based on the measured flow rate and average pollutant concentrations
of the flue gas at the engine stack (Table 6.2) (Personal Communication, 2016).
The biofilter, consisting of a coconut shell packed column, receives the gas
streams coming from the areas of OFMSW pre-treatment and digestate centrifu-
gation and removes the volatile organic compounds present in that gas streams.

The biofilter emissions consists mainly of NH3 (Personal Communication, 2016)
(Table 6.2).

The plant configuration of hOFMSW+Pre3 and hOFMSW+MCW scenarios
are similar to that of hOFMSW scenario, only considering that 675 t/y of MCW
is used as co-substrate with hOFMSW for AcoD.

In the case of hOFMSW+Pre3 scenario, the MCW is loaded to the
pre-treatment reactor with a screw conveyor (standard pitch, single flight) with
1840 kg/h capacity, mechanically loaded with a bobcat fuelled by diesel. The
estimated working time of the bobcat and of the screw conveyor is 150 h/ y.
Ground MCW is chemically pre-treated at ambient temperature with 926 t/y of

H0», in alkaline water solution (5557 t/y H,O and 0.023 t/y NaOH) prepared

on site in a dedicated reactor equipped with an helicoidal mixer. The MCW pre-
treatment is carried out in a dedicated pre-treatment reactor equipped with a
Rushton turbine to guarantee adequate mixing. The pre-treated MCW is then
mixed in line with the pre-hydrolysed OFMSW (hOFMSW) through a static
mixer and pumped into anaerobic digesters. The estimated working time of the
dynamic mixers is 50 h/y. The electric energy required for MCW pre-treatment
operations under hOFMSW+Pre3 scenario is 2534 kWh/y, including over the
equipment mentioned above the presence of three additional pumps for pre-
treated fluid transfer.

In the case of AcoD with MCW, the ground MCW is mixed in line with
hOFMSW through a static mixer fed by a screw conveyor of 1840 kg/h. The cal-
culated energy demand of this system is 16.2 kWh/y.

The amount estimation of the different products and wastes obtained along
the AcoD processes was performed on the basis of the laboratory results obtained
in a previous study (Surra et al., 2018b) and on the following assumptions: (i) a
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20% v /v reduction of biogas production may be expected as upscaling factor, (ii)
digestate production was calculated by subtracting from the mass of substrate
fed into the digesters the mass transformed into biogas, (iii) gaseous emissions
from CHP during AcoD were estimated on the basis of the Estimation Factors
(EF) reported by Kristensen et al. (2004) and Vicente (2015); (iv) the compost pro-
duction was estimated assuming that the ratio of Total Solids (TS) in the diges-
tate /compost produced (TS/Compost ratio) is constant during AD and AcoD;
(iv) the wastewater sent to the municipal sewer and the amount of sludge recir-
culated to the pre-treatment section were calculated on the basis of the data re-
ported by Neto (2011) on the AD plant.

Modelling of feedstocks, products, energy demand and emissions for the

production of MCW(PA)3h AC for HyS removal has been developed on the basis

of the laboratory results obtained in a previous work (Surra et al., 2019), biblio-
graphic references (Gu et al., 2019; Mullen et al., 2010) and Ecoinvent database
(2018).

The MCW harvesting and grinding flow diagram considered for AC pro-
duction and the calculation of emissions to air of these processes are similar to
those described for AcoD (Table 6.3).

The production plant of MCW(PA)3h AC includes a carbonization unit fol-
lowed by a physical activation unit. Steam was considered as activating agent
(Figure 6.4a), assuming that the use of steam is able to produce an AC with sim-

ilar adsorption capacity of MCW(PA)3h AC. The option for substituting CO» by
steam is based on the evidence that the calculated amount of CO; required for
activation (41.2 kg CO,/kg AC) exceeds in approximately 700% w/w the total
amount of CO; produced during biogas upgrading (5.10 kg CO>/kg AC used).

Moreover, the re-use of CO; produced during the upgrading process in AC acti-

vation would require the construction of the AC industrial furnace in the AD
plant area instead in the vicinity of corn fields, increasing the transport costs. The

option of using industrial CO, was not taken into consideration, due to its high

costs.

Mass and energy balances of the carbonization and activation plants for the
production of MCW(PA)3h AC are reported in Figures 6.4a) and b).
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The required amount of MCW(PA)3h AC was calculated taking into con-
sideration the production of 7790 kg/y of HpS and an adsorption capacity of

MCW(PA)3h of 1.55E-02 kgps/ kg AC.

MCW is heated up in the carbonization unit to approximately 500 °C in the
absence of air. It is considered that the production of 1 kg charcoal, including
drying process requires 2.5 MJ heat, 0.075 kWh electricity and 50 L cooling water
(Ecoinvent, 2018). The process produces charcoal, bio-oil and gas in the
percentages (w/w) of 35%, 35% and 30%, respectively (Fattynowicz et al., 2015;
Shariff et al., 2016; Surra et al., 2019).

The configuration of the carbonization unit and the calculation of environ-
mental burdens are based on the “charcoal production | charcoal | APOS, U”
process reported on the Ecoinvent v.3.4 database for woody biomass. This ap-
proximation is justified by the great similarity of the chemical and physical
characteristics of MCW with woody biomass (Gu et al., 2019; Mullen et al., 2010;
Surra et al., 2019). Moreover, the comparison of the emissions to air and water
calculated according to the Ecoinvent database v.3.4 is reasonably similar to
those reported by Mullen et al. (2010) on the pyrolysis of MCW.

The activation step is assumed to be carried out at an activation temperature
of 800 °C with steam (activating agent) coming from a boiler. It was assumed that
the activation process requires 1.6 kWh electric energy, 13.3 MJ heat to vaporize
2.1 L water for each 1 kg of produced AC (Ecoinvent, 2018; Gu et al., 2019).

For the calculation of the environmental burdens, it was assumed that the

activation process presents yields for AC, gases and bio-oils of 20% wac/wwmcw,
37% Weases/ WMcw and 43% Wpio-oils/ WMCW, respectively.

Table 6.3 reports the activation process outputs. No heat recovery from the
process was considered as avoided burden.

The environmental burden related with the production of commercial acti-
vated carbon CAC was assessed on the basis of the “activated carbon production,
granular from hard coal | activated carbon, granular | APOS, U” process re-
ported on the Ecoinvent v.3.4, assuming the adsorption capacity of 5.1E-04

kgros/kg AC (Surra et al., 2019). The main energy demands are 1.6 kWh electric-
ity and 0.33 m? of natural gas to heat 12 kg of water. Table 6.3 reports the main

data and environmental burdens calculated. Figure 6.5 reports the mass and en-
ergy balances.
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The biogas upgrading plant considered in this work is a PSA unit fed with
8 bar biogas. The biogas composition considered was the one that provided the

most sustainable AcoD configuration (60.6% v/v CHy; 39.3% v/v COgy; 820 ppmv
H5S). The bioCH., leaves the plant at 5 bar with a CH, purity of 97% v/v
(Ecoinvent, 2018) and a CHy slip of 3% v/v (Q. Sun et al., 2015). The upgrading
process requires 0.46 kWh for each 1 m® of raw biogas, including biogas drying

and compression, and H.S removal.

The environmental burdens associated with the production and operation
of the adsorbent materials required for PSA unit are neglected in the Ecoinvent
(2018) database. This database does not detail neither the adsorbents used to
achieve the declared environmental performances, nor their characteristics. In
any case, being the PSA process cyclic and the adsorbent/s completely
regenerable, their contribution to the overall environmental burdens was as-
sumed to be negligible.

Table 6.4 summarizes all the data related with the operation of PSA up-
grading unit and its direct and avoided burdens.

6.4 Life cycle impact assessment

Table 6.5 reports the comparison of the environmental burdens associated
to AD and AcoD scenarios.

Most of the environmental impact categories are very low, highlighting that
the AD and AcoD processes have associated low environmental impacts. This
result suggests that the avoided burdens related to the production of renewable
electric energy from biogas and, to a lesser extent, the avoided production of
chemical fertilizers, are able in many cases to reduce the direct and indirect envi-
ronmental burdens associated to the AD and AcoD processes.

The configuration of AcoD of hOFMSW+MCW scenario showed an overall
better environmental performance than both AD scenario with standalone
hOFMSW and AcoD of OFMSW+Pre3 scenario, presenting the lowest impacts in
most of the impact categories and an increment lower than 10% in the majority
of the remaining ones, when compared with AD of hOFMSW (Table 6.5). It must
be noticed that the reduction of the environmental burdens related to
hOFMSW+MCW scenario is very similar to that showed by AD of standalone
hOFMSW. This is due to the increase of biogas and methane production in
hOFMSW+MCW scenario that was able to compensate the added environmental
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impacts caused by the collection, grinding and transport of MCW to the AD
plant.

The AcoD of OFMSW+Pre3 scenario can be considered the less environ-
mentally sustainable configuration, mainly due to the contribution to the indirect
impacts of the hydrogen peroxide production that was responsible by
percentages of 39%, 130% and 37% to the total value of FRS, MRS and fPMF im-
pact categories, respectively.

The impact categories that showed the highest contribution to the environ-
mental burdens of AD and AcoD processes are FRS, MRS, WC(hh), fPMF, and
GW(hh) (Table 6.5).

Figure 6.7 reports the process contributions to the above-mentioned impact
categories. The FRS impact category is mainly affected by the indirect impact,
due to the production processes of fossil fuels that are used in the transport of
wastes and production of the non-renewable part of electricity supplied to the
AD and AcoD units.

The biogas production process contributes both to the impacts associated to
WC(hh) impact categories, due to the supply of freshwater to the AD and AcoD
processes in order to compensate the wastewater generated after digestate de-
watering (

Figure 6.7 c). Finally, the avoided electric energy production can reduce on
average by 55% and 63% the value of the overall impacts associated with fPMF
and GW(hh) impact categories, respectively.

Table 6.6 reports the comparison of the environmental burdens associated
to the production of MCW(PA)3h activated carbon and CAC. The production of
MCW(PA)3h activated carbon is more favourable than CAC. The reason lays in
the higher adsorption capacity provided by MCW(PA)3h than CAC (Figure 4.8),
and thus in the lower amount of MCW(PA)3h activated carbon required to re-

move the same amount of HjS present in the biogas stream. It must be noticed

that the adsorption capacity of CAC was tested under real conditions of use and
under the same experimental conditions as for MCW(PA)3h activated carbon.
Real biogas samples have been used without adding supplemental oxygen or
water vapor as required by standard conditions, in order to avoid biogas con-
tamination before the upgrading process. The CAC manufacturer declared an

adsorption capacity of 0.32 kgpos/kg AC, which is 1000 % higher (Cabot, 2016)

than the capacity effectively measured under real conditions of use.
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Table 6.5: Total impacts calculated for the different AD and AcoD configurations according to ReCiPe Endpoint (H) method. All values are
referred to the functional unit of 1 m*® biogas (STP). The yellow cells indicate the environmental impacts of the hOFMSW AD base scenario,

the red and green ones, the impacts higher and lower, respectively than the corresponding impacts obtained in the AD base case scenario.
The orange cells indicate the values when the % of increment is lower than 10%, when compared with AD with hOFMSW.

Acronyms Impact category AD and AcoD Unit
hOFMSW hOFMSW +Pre3 ~ hOFMSW +MCW

FRS Fossil resource scarcity 5.77E-02 USsD2013
MRS Mineral resource scarcity -2.17E-05 UsD2013
WC(hh) Water consumption, Human health 3.74E-06 DALY
fPMF Fine particulate matter formation 6.19E-07 DALY
GW(hh) Global warming, Human health 1.56E-07 DALY
WC(te) Water consumption, Terrestrial ecosystem 4.56E-08 species.yr
OF(te) Ozone formation, Terrestrial ecosystems 4.26E-10 species.yr
OF(hh) Ozone formation, Human health 2.97E-09 DALY
TA Terrestrial acidification 1.11E-09 species.yr
GW(te) Global warming, Terrestrial ecosystems 4.72E-10 species.yr
IR Ionizing radiation 2.29E-11 DALY
sOD Stratospheric ozone depletion 2.10E-11 DALY
WC(ae) Water consumption, Aquatic ecosystems 1.02E-12 species.yr
GW(fe) Global warming, Freshwater ecosystems 1.29E-14 species.yr
ME Marine eutrophication -8.80E-15 species.yr
MEco Marine ecotoxicity -5.16E-13 species.yr
FEco Freshwater ecotoxicity -2.56E-12 species.yr
TEco Terrestrial ecotoxicity -2.66E-12 species.yr
FE Freshwater eutrophication -6.03E-11 species.yr
LU Land use -1.15E-10 species.yr
HT(c) Human carcinogenic toxicity -2.12E-08 DALY
HT(nc) Human non-carcinogenic toxicity -2.07E-08 DALY
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Table 6.6: Total impacts calculated for the production of MCW(PA)3h and CAC activated carbons according to ReCiPe Endpoint (H). All

values are referred to the functional unit 1 m3 of used biogas (STP).

Acronyms Impact category MCW(PA)3h CAC Unit

FRS Fossil resource scarcity 0.0141 1.12E+05 UsD2013
MRS Mineral resource scarcity 3.30E-05 7.26E+03 UsD2013
GW(hh) Global warming, Human health 2.64E-07 1.75E+00 DALY
fPMF Fine particulate matter formation 1.52E-07 2.69E+00 DALY
HT(c) Human carcinogenic toxicity 1.17E-08 1.00E+00 DALY
HT(nc) Human non-carcinogenic toxicity 7.24E-09 1.11E+00 DALY
GW(te) Global warming, Terrestrial ecosystems 7.96E-10 5.29E-03 species.yr
OF(hh) Ozone formation, Human health 4.47E-10 6.97E-03 DALY
TA Terrestrial acidification 1.31E-10 2.01E-03 species.yr
IR Ionizing radiation 8.94E-11 6.50E-04 DALY
OF(te) Ozone formation, Terrestrial ecosystems 7.16E-11 1.01E-03 species.yr
LU Land use 2.60E-11 1.20E-03 species.yr
sOD Stratospheric Ozone depletion 2.30E-11 3.40E-04 DALY

FE Freshwater eutrophication 1.58E-11 7.40E-04 species.yr
TEco Terrestrial ecotoxicity 1.04E-12 1.90E-04 species.yr
FEco Freshwater ecotoxicity 9.28E-13 1.00E-04 species.yr
MEco Marine ecotoxicity 1.96E-13 2.17E-05 species.yr
GW(te) Global warming, Freshwater ecosystems 2.18E-14 1.44E-07 species.yr
ME Marine eutrophication 3.09E-15 1.05E-07 species.yr
WC(ae) Water consumption, Aquatic ecosystems -1.74E-12 8.72E-09 species.yr
WC(te) Water consumption, Terrestrial ecosystem -3.89E-08 1.90E-04 species.yr
WC(hh) Water consumption, Human health -6.40E-06 3.21E-02 DALY
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Figure 6.7: Contribution of the selected impact categories for the environmental burdens of AD and AcoD scenarios.
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The impact categories that most affected the AC production were FRS,
MRS, GW(hh), fPMF and HT(nc) (Table 6.6). The production of MCW(PA)3h AC
showed the main impacts on FRS and in a lesser extent on GW(hh) and fPMF,
being the indirect impacts of heat and electric energy production and the direct
impact of the carbonization process, the main contributors for the environmental
burdens (Figures 6.8a and b). Similarly, the production of CAC provided the
main impacts on FRS, MRS and in a lesser extent on fPMF, being the indirect
impacts of fossil fuel production and AC plant construction the main contribu-
tors for the environmental burdens (Figures 6.8c and d).

The biogas “upgrading to bioCH4” scenario (Table 6.7) reports the
comparison of LCA results of the most environmentally sustainable AcoD sce-
nario (hOFMSW+MCW) with the three different upgrading scenarios of biogas
stream to bioCHy. The scenarios “Upgrading to bioCHy (Optimization 1 and 2)”

will be discussed later in the sensitivity analysis reported in the following section,
but, basically, they deal with the use of AC with optimised adsorption capacity
and with the partial substitution of the fossil NG used to fuel fleet used for the
OFMSW transportation.

The biogas “upgrading to bioCHy” scenario (Table 6.7) showed less
favourable environmental performances than the AcoD hOFMSW+MCW for the
the majority of the categories of impact, with special emphasis to FRS, MRS,
HT(nc), fPMF and GW(hh). In the “upgrading to bioCH4” scenario, a reduction

of the associated environmental burdens was observed for the impact categories
related with the water consumption in the three areas of protection (WC(te),
WC(ae) and WC(hh)).
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Figure 6.8: Contribution of the selected impact categories for the environmental burdens of MCW(PA)3h and CAC production process.
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Table 6.7: Total impacts calculated for the different upgrading scenarios of biogas to bioCHjy, according to ReCiPe Endpoint (H) method.

All values are referred to the functional unit of 1 m biogas STP. The yellow cells indicate the environmental impacts of the hOFMSW+MCW

AcoD scenario, the red and green ones indicate the impacts higher and lower, respectively than the corresponding impacts obtained in the
hOFMSW+MCW AcoD scenario.

Acro- AcoD)
nyms Impact category (hOFMSW
+MCW)
FRS Fossil resource scarcity 3.12E-02
MRS Mineral resource scarcity -2.49E-05
fPMF Fine particulate matter formation 1.18E-07
HT(nc)  Human non-carcinogenic toxicity -2.02E-08
GW(hh)  Global warming, Human health 4.87E-09
HT(c) Human carcinogenic toxicity -2.02E-08
GW(te)  Global warming, Terrestrial ecosystems 1.45E-11
OF(hh) Ozone formation, Human health 3.04E-09
TA Terrestrial acidification 2.88E-10
FE Freshwater eutrophication -5.65E-11
LU Land use -1.05E-10
IR Ionizing radiation 8.27E-12
OF(te) Ozone formation, Terrestrial ecosystems 4.10E-10
sOD Stratospheric ozone depletion 4.23E-12
TEco Terrestrial ecotoxicity -2.60E-12
MEco Freshwater ecotoxicity -2.55E-12
ME Marine ecotoxicity -5.20E-13
ME Marine eutrophication -8.63E-15
GW(fe)  Global warming, Freshwater ecosystems 4.01E-16
WC(ae)  water consumption, Aquatic ecosystems 1.12E-12
WC(te)  Water consumption, Terrestrial ecosystem 2.51E-08
WC(hh)  water consumption, Human health 4.12E-06

Upgrading to
bio-CHy

-4,63E-13
-1.04E-08

-1.70E-06

Upgrading Upgrading Unit
(Optimization 1) (Optimization 2)
5.54E-02 3.37E-02 USsD2013
9.31E-05 8.42E-05 USsD2013
8.34E-07 8.01E-07 DALY
4.06E-08 3.87E-08 DALY
1.23E-06 1.07E-06 DALY
4.72E-08 4.48E-08 DALY
3.71E-09 3.23E-09 species.yr
2.26E-09 2.18E-09 DALY
1.04E-09 1.01E-09 species.yr
1.04E-10 1.00E-10 species.yr
1.77E-10 1.75E-10 species.yr
5.08E-11 4.03E-11 DALY
3.24E-10 3.11E-10 species.yr
7.01E-11 5.69E-11 DALY
5.35E-12 5.21E-12 species.yr
5.07E-12 4.82E-12 species.yr
1.07E-12 1.01E-12 species.yr
1.77E-14 1.68E-14 species.yr
1.01E-13 8.83E-14 species.yr
1.04E-12 1.04E-12 species.yr
2.33E-08 2.33E-08 species.yr
3.83E-06 3.83E-06 DALY
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This means that the avoided impacts related to bioCHy production and NG

substitution are not always able to overcome the direct and indirect environmen-
tal impacts generated by the upgrading process. Thus, the impacts generated by
biogas upgrading are, in most cases, higher than the environmental benefits
gained due to the avoided production of NG. This result is in line with literature
(Ardolino et al., 2018; Florio et al., 2019).

The impact categories that most contributed to the overall environmental

burdens of biogas “upgrading to bioCHy” scenario were FRS, MRS, HT(nc),

fPMF and GW(hh). FRS impact category was affected by a percentage of 65% due
the increased production of fossil fuels, petroleum and NG, required for both the
AC and energy production, when compared to AcoD hOFMSW+MCW scenario
in which biogas was converted into electric energy. MRS impact category was
affected by the impacts associated to the construction of AC and PSA plants by a
percentage of 90%, when compared to the same AcoD scenario. The other three
impact categories are affected mainly by the indirect impacts provided by AC
and PSA units construction and by energy production processes.

6.5 Sensitivity analysis

The biorefinery analysed in this work was submitted to a sensitivity analy-
sis in order to assess how the variation of some parameters affects the LCA re-
sults.

The two parameters taken into consideration were the following ones: (i)
adsorption capacity of the activated carbons used for HS removal, and (ii)

amount of NG that fuels the fleet used for the collection of OFMSW. The former
affects the amount of AC required for biogas pre-conditioning and thus the im-
pacts associated with their production (this scenario was named as “upgrading

to bioCHy, Optimization 1”). The latter affects the amount of fossil NG used the
in OFMSW collection fleet that is replaced by bioCHy produced in the biorefinery
(this scenario was named as “upgrading to bio-CHy, Optimisation 2”). In the “up-
grading to bioCHy, Optimization 2” scenario, the effects of NG substitution by
bioCH. were added to those obtained by the optimized AC adsorption capacity

provided by the “upgrading to bio-CHjy, Optimization 1” scenario.

Table 6.7 reports the results obtained with the two optimized conditions.
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The use of an activated carbon with an optimized adsorption capacity
(similar to those declared by the manufacturer of the commercial CAC) reduced

drastically the environmental burdens associated to the “upgrading to bioCHy4”
scenario in almost all the category of impacts (Table 6.7). Considering the substi-
tution of NG by bioCHy in the OFMSW collection fleet (“upgrading to bioCHy,
Optimization 2” scenario), this reduction increases on average by an additional
percentage of 8%, when compared with “upgrading to bioCHy4, Optimization 1”

scenario.

If an AC with optimized adsorption capacity towards HjS is used to up-

grade biogas, the associated impacts of OF(hh), OF(te), WC(te), WC(ae) and
WC(hh) categories were lower than the corresponding impacts of the AcoD of
hOFMSW+MCW scenario in which the biogas is converted to electric energy.
Furthermore, two of the main categories of impact, FRS and fPMF, decreased to
the same order of magnitude of the corresponding values obtained with AcoD
hOFMSW+MCW scenario.

The further substitution of NG for fuelling the OFMSW collection fleet with

the produced bioCHy allowed a more sustainable configuration for all the impact

categories when compared with “Upgrading to bioCH, Optimisation 1” scenario.

6.6 Conclusions

This study aims to assess the environmental benefits generated from

different uses of biogas, namely to compare the bioCH4 production and use in
transportation with direct cogeneration of electricity and heat. A case-study of a
real AD plant at industrial scale was studied. Currently, this AD plant is pro-
cessing 40000 t/y of OFMSW. Among the three biogas production scenarios con-
sidered (hOFMSW, OFMSW+Pre3 and hOFMSW-+MCW), the AcoD of
hOFMSW+MCW was the most environmentally favourable, providing the
lowest impacts in almost all the environmental categories analysed. The increase
of biogas and methane yields in AcoD of hOFMSW+MCW scenario was able to
compensate the added environmental impacts caused by the collection, grinding
and transportation of MCW. AcoD of OFMSW+Pre3 can be considered the less
sustainable scenario.

The MCW(PA)3h activated carbon, aiming to replace the commercial AC
for the removal of H)S from biogas stream, demonstrated to be more sustainable

than the commercial activated carbon (CAC), tested under real conditions of use.
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The reason lays in the higher adsorption capacity provided by MCW(PA)3h AC
than by CAC, thus lowering the amount of activated carbon required to remove

the same amount of HjS present in the biogas stream.

The “upgrading to bioCH4” scenario of biogas stream obtained with AcoD

of hOFMSW+MCW provided higher environmental burdens than the classic co-
generation scenario, mainly due to the contribution of the increased fossil fuel
production and of the construction of AC and PSA plants. This means that the

avoided impacts related to bioCHy4 production are not always able to overcome

the direct and indirect environmental impacts produce by the upgrading process,
indicating that the impacts generated are in most cases higher than the environ-
mental benefits gained due to the avoided production of NG.

The results of the sensitivity analysis showed that for the “upgrading to
bioCHy4, Optimization 2” scenario, the biogas upgrading to bioCHy is dramati-

cally more sustainable than that “upgrading to bioCH4” scenario and provided
lower environmental impacts in OF(hh), OF(te), WC(te), WC(ae) and WC(hh)
categories than of direct electric energy and heat production when bioCHy is
used to replace NG in the collection and transportation fleet of OFMSW, at opti-

mized HjS adsorption capacity.
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Conclusions and Future Challenges

7.1 General Conclusions

The biorefinery concept proposed in this work was based on the idea of
valorising MCW as co-substrate for AcoD with OFMSW and as precursor to pro-

duce ACs suitable for HpS removal and CO; separation from biogas. The main

purpose was to produce bioCHj. This biorefinery concept was developed accord-

ing to the Tasks 1-6 reported in Figure 1.1. The main conclusions and final re-
marks are as follows:

e  Task 1: a strong interdisciplinary bibliographical review, concerning (i) the
MCW pre-treatments prior to AcoD, (ii) the operational conditions for
AcoD of MCW with OFMSW, (iii) the production of AC using MCW and
liquid digestate as precursors for biogas conditioning, (iv) and the available
biogas upgrading technologies, represented the starting point of the entire
work:

* (i) Regarding the possible pre-treatment that can be applied to MCW,
most of the authors agree that an initial size reduction is an important
step before any submission of MCW to AD (Chongkhong and Tongurai,
2014 ; Y. Zheng et al, 2014). Thermal and thermo-chemical
pre-treatments can be very effective, although according to the tempera-
ture and the catalyst chosen, the formation of inhibitors may occur. Mi-
crowave Irradiation, as a non-conventional heating source, heats MCW
uniformly, quickly and can help to avoid large temperature gradients,
limiting the formation of inhibitors (Li et al., 2016). If a strict chemical
pre-treatment is applied, the choice of the catalyst is crucial for the eco-
nomic viability of the process. Among the catalysts that may be used for
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MCW pre-treatment, NaOH is the most tested due to its high efficiency
and low cost. Recently, High Boling Solvents such as glycerol were
recognized by some authors to have a high solubilization potential and
capacity to remain liquid at high temperatures (Diaz et al., 2015; Moretti

De Souza et al., 2014). Finally, H>O; can be considered as one of the most

suitable catalysts for improving the methane yield on lignocellulosic
biomass, due to its effectiveness without producing any significant inhi-
bition to the AD process, and due to its relatively low cost (Banerjee et
al., 2012; Song et al., 2014). On the base of these evidences, microwave

irradiation catalysed by NaOH, glycerol and H>O,, and room tempera-

ture chemical pre-treatment catalysed by HxO; have been tested for
MCW pre-treatment before AcoD with OFMSW;

(ii) Regarding the AcoD of MCW with OFMSW, several studies are
available in the literature on AcoD of maize waste (Table 2.3). Owamah
and Izinyon (2015) demonstrated that maize waste can enhance biogas
and methane yields when used as co-substrate with food waste. Ramos-
Sudrez et al (2017) observed that oxidative pre-treatments on maize straw
can enhance biogas and methane yields. On the other hand, Hutfian
(2016) showed that the presence of standalone maize wastes submitted
to size reduction without any other pre-treatment, provides biogas yields
comparable to those obtained with pre-treated maize wastes, suggesting
that the use of a pre-treatment prior to AcoD is not a guarantee of biogas
and methane yields enhancement. Thus, AcoD of MCW pre-treated
under conditions selected at point (i), as well as non-pre-treated MCW
only submitted to size reduction, were tested and compared with the AD
of standalone OFMSW;

(iii) Regarding the different techniques that can be used for H»S removal

from biogas stream, adsorption onto ACs, namely lignocellulosic-de-
rived ACs, is considered a safe, sustainable, reliable, highly efficient and
in most cases an environmentally sound technique (Kwasny and
Balcerzak, 2016; Mohamad Nor et al., 2013). MCW is a lignocellulosic bio-
waste that can be considered a good precursor for ACs with relatively
high surface area, due to its high carbon content and low percentage of
ashes (Bagheri and Abedi, 2009; Flores et al., 2017; Tsai et al., 2001). The

mechanisms underlying H)S adsorption onto ACs are highly dependent

on the porosity, on the surface chemistry and on the conditions applied
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(relative humidity, O concentration, presence of contaminants, and tem-

perature) (Bandosz, 1999; Chen et al., 2010). It is usually considered that
ACs surface chemistry is more important than the textural properties in

H>S adsorption (Adib et al., 2000a, 1999a; Bandosz, 1999). Moreover, the

presence of water and oxygen is critical, since the HS removal mecha-

nisms onto carbonaceous materials are ruled mainly by dissociative ad-
sorption, favoured by the presence of water, and by oxidation mecha-

nisms. Under dry conditions and without added oxygen, H2S can also be

oxidized in activated carbon by oxygen functional groups present on the
carbon surface (Adib et al., 2000a; Bouzaza et al., 2004; Feng et al., 2005;

Le Leuch et al., 2003). The enhancement of HS removal onto ACs can
also be obtained through functionalization of the AC surface by intro-
ducing nitrogen-containing groups. This has a catalytic role in HS dis-

sociation and oxidation, mainly due to the increase of basic sites on the
carbon surface (Adib et al., 2000b; Bagreev et al., 2004; Bashkova et al.,
2002; Seredych and Bandosz, 2008). In this context, a first set of ACs was

physically activated with CO,, to maximize ACs textural properties, and

a second set of ACs was prepared by impregnating MCW with anaero-
bic LD, being this a sub-product of the anaerobic digestion. LD is a nitro-

gen rich material, that can catalyse the HyS removal. The use of anaerobic

LD is in line with the concept of the biorefinery concept proposed and
can offer the opportunity to valorise the liquid digestate in a high added
value product;

* (iv) Regarding CO, removal from biogas, among the several technologies

available, PSA is an adsorption-based process that is attracting
increasing interest for its low energy requirements and limited initial
capital investment in comparison with other separation technologies
(D.M. Ruthven et al., 1994 and Bauer et al., 2013). Moreover, PSA can

process high throughputs and produce high-purity CHy (Esteves and
Mota, 2007). In a PSA unit for biogas upgrading, the efficiency of
adsorption of CO; depends, among other factors, specifically on the tex-
tural properties of the adsorbent material employed, on its working ca-
pacity, CO; selectivity and on its capability to be regenerated. Pellerano

et al., 2009 observed that ACs can provide higher adsorption capacities
than some zeolites at pressures higher than 2.5 bar and Siriwardane et al.
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(2001) demonstrated that ACs can provide better performances than car-
bon molecular sieve , when CO, partial pressure is higher than 1.7 bar.
Thus, ACs can be considered suitable candidates for biogas upgrading,
since the typical CO; partial pressure used during the upgrading process

commonly ranges from 1.8 bar to 4 bar (Grande, 2011). The use of agri-
cultural residues as precursors to produce carbon adsorbent materials
can be considered one of the main challenges in the manufacture of ACs,
since these precursors are cheap, available in large amounts, environ-
mentally friendly and have high potential as precursors of the adsorbent
media for biogas upgrading and CO; separation (Vilella Costa et al.,

2017, Alvarez-Gutiérrez et al., 2014 and 2016, Durén et al., 2018,
Ogungbenro et al., 2018). Under this framework, among the produced
ACs using MCW, the physically MCW (MCW(PA)2h and MCW(PA)3h
ACs produced showed the best properties as potential adsorbents for

CO3, separation from a biogas stream;
Task 2: the results obtained after MCW pre-treatment showed that, among
the different conditions applied, the chemical pre-treatment catalysed by
H0O,, at pH 9.8, with 4h of reaction time and at room temperature (Pre3),
is a promising and low energy demanding pre-treatment applicable to
MCW to allow its AcoD with hOFMSW. Higher reaction times (up to 3 d)
produced inhibitors that affected the efficiency of the AcoD process. The co-
digestion of OFMSW with pre-treated MCW under Pre3 increased the bio-
gas yield by 65% and CHy yield by 48%, when compared to the results ob-
tained using OFMSW alone. The co-digestion of hOFMSW with non-pre-
treated MCW increased biogas and CHy yields by 84% and 57%, respec-

tively. Despite the higher yields, the LHV of the biogas obtained in the
AcoD of hOFMSW with non-pre-treated MCW were on average 4% lower,
respectively, than the LHV obtained with the AcoD of hOFMSW+Pre3.

Moreover, Pre3 favoured the stability of the AcoD process, providing re-
duced acetic acid and N-NHy accumulation when compared to non-treated

MCW. These results allow concluding that a pre-treatment is recommended
before submitting MCW to AD and that co-digestion of hOFMSW with pre-
treated MCW allows a significant enhancement of biogas and methane
yields.

Tasks 3 and 4: the physically ACs performed better in H»S removal assays
than ACs impregnated with the anaerobic LD, with uptake capacities up to
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15 folds higher than ACs impregnated with LD. Textural properties, such
as surface area and microporosity, seemed to be more important than the

mineral content for HpS removal from real biogas samples. Effectively, both

surface area and micropore volume were much higher in physically acti-
vated carbons than in the impregnated ones. Among the physically acti-
vated carbons produced, MCW(PA)3h showed the highest volume of mi-
cropores, with sizes between 0.7-1.8 nm. This may have played an im-

portant role in HpS removal. Also, the higher oxygen content observed in
this AC may have been involved in the catalytic oxidation reaction of H3S,

indicating that its better performance on H)S removal is also probably due
to the better surface chemistry properties. Finally, MCW(PA)3h showed a
higher H)S adsorption capacity (15.5 mg/g) than the commercial activated

carbon (0.51 mg,g), which means that this new biomass-derived activated

carbon suits better at non-optimized conditions of H»S removal, namely in
what concerns to moisture and oxygen deficiencies;

Task 5: among the produced AC, the physically MCW(PA)3h AC can be
considered the most suitable candidate for CO; separation due to its higher

specific surface area, higher microporous volume, more favourable pore
size distribution and higher working capacity, when compared to the others
ACs produced and studied. The study of the adsorption equilibrium

measurements of CO, and CH4 on MCW(PA)3h activated carbon showed

that the Sips isotherm model can be confidently employed to accurately
correlate the adsorption equilibria of the two main constituents of biogas,

CO; and CHy. The MCW(PA)3h carbon adsorbent demonstrated to be suf-

ficiently selective to CO; for making it a good candidate for biogas purifi-

cation. Moreover, the experimental adsorption equilibrium data were suc-
cessfully correlated using the APT in the form of a characteristic curve. The
existence of little scatter in the characteristic curve data demonstrates that

the isotherms of CO, and CHy4 were successfully correlated as a single tem-
perature independent curve. This corroborates the applicability of the APT
to the carbon under study. The regressed value of Wy is in good agreement
with the total pore volume determined from the N> adsorption at 77 K. In
the range of the partial pressures typical for biogas upgrading units,
MCW(PA)3h showed higher CO, uptakes than the ones reported for coal-

178



CHAPTER 7

based commercial ACs and similar uptakes to the ones reported for the bio-
based ACs. Finally, the axial dispersed plug-flow and LDF approximation
for lumped solid-diffusion mass transfer model used for the prediction of
the dynamic behaviour of the adsorbate-adsorbent system, provided a good
agreement with the laboratory experiments, demonstrating its applicability
to the system. All these results give the basis for future design and model-
ling works of a PSA cycle based on the use of MCW derived renewable ad-
sorbents;

Task 6: referring to the biorefinery concept proposed in Figure 1.1 and on
the laboratorial results obtained during Tasks 2, 3 and 4, an environmental
LCA of a case study biorefinery was developed. The case study analysed
was based on the hypothesis of implementing, at an existing Portuguese
AD plant currently processing 40000 t/y OFMSW in the Lisbon area, (i) an

AcoD using MCW as co-substrate; (ii) an HS removal unit from biogas
stream based on the use of MCW(PA)3h as adsorbent, and (iii) a biogas up-
grading unit to produce bio-CHy based on PSA technology. The study
aimed to assess the environmental benefits generated from different uses of
biogas with the purpose of comparing the bioCH4 production to the direct

cogeneration of electricity and heat, on the base of a real case scenario of an
AD Portuguese plant. Among the three biogas production configurations
considered (hOFMSW, OFMSW+Pre3 and hOFMSW+ MCW), the results
obtained demonstrated that the AcoD of hOFMSW+ untreated MCW was
the most environmentally favorable option, providing the lowest impacts
in almost all the categories studied. The increase of biogas and methane
yields occurred during AcoD of hOFMSW+ untreated MCW was able to
compensate the added environmental impacts caused by the collection,
grinding and transport of the MCW co-substrate. AcoD of OFMSW+Pre3
can be considered the less environmentally sustainable configuration
among the tested ones, mainly due to the impacts associated with the pro-
duction of the catalyst used for the pre-treatment of MCW. This suggests
that the pre-treatment of MCW prior to AcoD favoured the biogas quality
and the AcoD process stability but caused higher environmental impacts
than the configuration based on the use of non-pre-treated MCW. Thus, the
AcoD configuration that produced the biogas stream characterized by the
highest HHV is not the most sustainable for the environment. This is an
important conclusion that highlights that the use of a LCA methodological
tool allowed to quantitatively analyse the life cycle of biogas, within the
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context of the environmental impact providing a useful support for strate-
gic future investment decisions. Regarding the MCW(PA)3h activated car-
bons, produced with the intent of substituting the commercial AC for the

removal of HyS from biogas stream, they demonstrated to be more

sustainable than the CAC commercial sample, tested under real conditions
and without the addition of oxygen or water vapour. The reason lays in the
higher adsorption capacity provided by MCW(PA)3h than by CAC, and
thus, in the lower amount of ACs required to remove the same amount of

HjS present in the biogas stream. Furthermore, the upgrading of the biogas

obtained with AcoD of hOFMSW-+MCW to bioCHy provided higher envi-

ronmental loads than the classic cogeneration configuration. This is mainly
due to the contribution of the increased fossil fuels production and of the
AC and PSA unit’s construction. This means that the avoided impacts re-

lated to the bioCH4 production are not always able to overcome the direct

and indirect environmental impacts produced by the upgrading process.
This indicates that the impacts generated are, in most of the cases, higher
than the benefits gained due to the avoided production of natural gas. Fi-

nally, the sensitivity analysis showed that the “upgrading to bio-CHy, Op-
timization 2” configuration, in which the effects of the fossil-NG substitu-
tion by bioCHy were cumulated to those provided by an optimized AC ad-
sorption capacity, is dramatically more sustainable than the “upgrading to

bioCHy” scenario and provided lower environmental impacts in OF(hh),

OF(te), WC(te), WC(ae) and WC(hh) categories than direct electric energy
and heat production.

7.2 Future Challenges

The idea of developing a biorefinery concept for bioCHy4 production from
AcoD of MCW and OFMSW at an existing AD plant, currently processing
standalone OFMSW, offers numerous hints for future research.

Some suggestions are as follows:

1.  Assays of long term AcoD using OFMSW and not-pre-treated MCW as co-
substrate, in order to finely tune the AcoD operational parameters, are pro-
posed with the aim of maximizing the CHy production and increase the

process stability. Different OLR and HRT, as well as MCW concentrations
in the OFMSW, might be tested. The use of a pilot scale/demonstrating
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scale AcoD unit located at the AD industrial unit might be extremely bene-
ficial;
HjS removal assays applying optimized conditions of water and / or oxygen

are proposed, in order to maximize the H»S removal capacity of the pro-
duced ACs and to reduce the amount of ACs required for biogas pre-con-
ditioning;

Fixed bed experiments in presence of CO; concentrated mixture are re-
quired to obtain all the missing parameters useful for process energy
balance assessment, PSA cycle modelling and validation;
Techno-Economic assessment of the proposed biorefinery, taking into con-
sideration the energy local tariffs scenario and the existing infrastructures
are suggested;

Updated environmental and economic LCA, including the new results
obtained in the above points 1, 2, 3 and 4 are suggested.
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Figure A 1: TGA analysis of MCW
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Figure A 2: TGA analysis of dried LD
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Figure A 4: TGA analysis of MCW(PA)2h
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Figure A 5: TGA analysis of MCW(PA)3h
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Figure A 6: TGA analysis of MCW(LD)
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Figure A 7: TGA analysis of CAR-MCW(LD)
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XRPD Analysis
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Figure B 1: XRPD pattern of dried LD. (a: sylvite, KCI).
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Figure B 2: XRPD pattern of MCW(LD) (a: sylvite, KCI; b: halite, NaCl)
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V (cm3g STP)

240
O

200

160

120

80

40

0
0O 01 02 03 04 05 06 07 08 09 1

P/Po

Figure C 2: N,adsorption-desorption isotherms of MCW(PA)3h.
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Methodology for AC
density and porosity
assessment

Bulk Density (pp)

The bulk density, pp (g/cm?) is the weight of clean material per unit bulk

volume as packed in a column.

Carbon Matrix Density(ps)

The carbon matrix density, ps (g/cm?) was measured through helium ad-
sorption isotherm analysis with an adsorption/desorption equilibrium run in a
Magnetic Suspension Balance ( ISOSORP 2000 from Rubotherm (GmbH)) whose
scheme and operating principles are reported elsewhere (Esteves, 2005)

The equilibrium measurements were performed at 333.15 K. Helium acts
as an inert and does not adsorb into the carbon. Hence, the plot of gas density
versus sample weight gives the carbon density. Table D 1 presents the experi-
mental data results
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Table D 1: Experimental data obtained from helium adsorption equilibrium measure-
ments (333.15 K).

He density Mass
kg/ m> &
0.0000 6.3970
0.0731 6.5396
0.2074 6.53956
0.6756 6.5391
1.3526 6.5385
2.1824 6.5378
2.8786 6.5371
4.2901 6.5358
1.7516 6.5382
0.3147 6.5397
0.0500 6.5399
0.0000 6.5397

Table D 2:2MCW(PA)3h density result assessed experimentally through helium adsorp-
tion equilibrium data (R2=0.9998).

Parameter Unit Value
Mass g 0.2111
Volume cm3 0.1194
b g/c m3 1.7685

The carbon weight M and the volume V average values, through which the
carbon density ps is calculated, are given in Table D 2. M of the AC and V of the

AC are obtained from the intercept and slope of the fitting, respectively, after
subtracting weight and volume of the calibrated measuring system.
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Dry Particle Density (gp)

The Dry Particle Density, pp is determinated through the Mercury Porosimetry

performed through intrusion/extrusion method giving the value of 0.4 g/cm:.

Void Fraction of Packing (ep)

The dry particle density, Pp, s related to the (external) void fraction of pack-
ing ¢p, by Eq. DI:

Pb

Pr= =g (Eq.D1)

Intraparticle Porosity (gp)

For a given density of the carbon matrix, ps, the internal or intraparticle po-

rosity, €, is defined as Eq. D2

1 1
Ep = Pp <—— —) (Eq.D2)

Total Voidage (¢)

The Total Voidage, ¢, in a packed bed (outside and inside the particles is
given by Eq. D3.

s=£b+<1——> (Eq.D3)
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