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Abstract

Fast pyrolysis is a thermochemical process converting biomass into fast pyrolysis bio-
oil (FPBO, 50-75 wt%), non-condensable gases (13-16 wt%), and biochar (12-20 wt%)
at 450-550 °C in an inert atmosphere with short residence times and high heating rates.
FPBO is a complex organic mixture of lignocellulose degradation products with high
water (20-30 wt%) and oxygen content (35-40 wt%) causing chemical instability and
corrosion to storage tanks and burners. In this work, the improvement of FPBO quality
was investigated through co-pyrolysis of forestry residues with waste mussel shells and
through improved understanding of phase behaviour and composition of forestry based
FPBO using an advanced distillation curve analysis. Co-pyrolysis with waste mussel
shells was studied by: (1) direct contact with the forestry residues in the reactor and (2)
contacting only the hot vapours with the mussel shells at the reactor exit. The impact of
temperature, residence time, mussel shell loading, and type of contact (operational
mode) on the FPBO and biochar were studied. There was a reduction in FPBO oxygen
and acid content through dehydration and decarboxylation with mussel shell addition
and an increase in biochar pH and functionality (O- and N-containing functional
groups) for soil amendment and adsorption applications, respectively. The FPBO phase
behaviour was studied using an advanced distillation method and a model developed to
simulate the distillation curves of the whole FPBO. The 17 surrogates used in the model

to represent the range of functional groups and boiling points of FPBO components
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showed a good fit of simulated and experimental distillation curves and some bulk prop-
erties. GC analysis of the vacuum distillate fractions concluded six distillable steps as a

basis for chemical separation procedures.

Keywords: Fast pyrolysis bio-oil, softwood, mussel shell, co-pyrolysis, advanced distil-

lation curve, thermodynamic model
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In 2018, CO; emissions increased by 0.5% in industrial countries after a 5-year decline,
despite efforts to mitigate greenhouse gas emissions [1]. Global CO; emissions in-
creased by 2.4% in 2017 [1]. To mitigate the global temperature increase caused by cli-
mate change, reduction of greenhouse gas (GHG) emissions caused by human activity,
the main cause of climate change, is crucial [2]. The primary source of GHGs, such as
CO2 and methane is the burning of fossil fuels [2—4]. Of all know sustainable energy
sources biomass is the world’s largest, most widely available, and the only source that
can be converted into liquid fuels and chemicals [5]. First generation biofuels produced
from energy or food crops have received criticism in the past resulting in a shift to sec-
ond generation or advanced biofuels produced from biomass that does not compete with
food production, such as waste from food and agricultural processing, wood residues,
and municipal solid waste (MSW) [5,6]. To meet sustainability requirements biomass in
non-food applications should ideally be limited to high-value applications and those
with the highest GHG/CO> mitigation potential. Energetic uses such as combustion are
at the very bottom/end of life cycle of biogenic products; energy should come from
other renewable resources (wind, solar, or hydro) wherever possible [7]. However, bio-
mass for energy use in rural sparsely populated areas, and biofuels for (e.g. shipping or
air transportation), where there are no other renewable alternatives, are feasible [7]. In
fact, the growth of the bioeconomy increases revitalization of rural areas [7]. Local
waste biomass is a preferable feedstock for the bioeconomy considering existing infra-
structure, local product use or small distance to market depending on the product value,
and reducing CO2 emission during decomposition in landfills [8]. If sustainability re-

quirements are met, biofuels sourced from biomass could reduce the impacts of fuel use
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on climate change [3]. In Canada, forestry and fisheries resources are especially abun-

dant and are considered as the basis for a bioeconomy [9].

Fast pyrolysis bio-oil (FPBO) derived from forestry residues (bark, shavings, chips, and
sawdust) could reduce fossil fuel consumption, increase energy security, and enhance
waste management [5]. Fast pyrolysis is characterized by moderate temperatures
(450-500 °C) in an inert atmosphere, short vapour residence times, and high heating
rates [10]. The vapours are condensed to produce the primary product, a liquid bio-oil
(50-75 wt% of the dry biomass) as outlined in Figure 1-1. The FPBO consists of over
300 main and 700 minor organic components [11-13] chemically different from petro-
leum oils containing little to no hydrocarbons [14]. Two other products: Non-condensa-
ble gas (NCG, 13-16 wt%), and biochar (12-20 wt%) are produced [10]. The NCG can
be combusted to supply process heat or used in turbines, engines, or boilers [10,15]. The
biochar is a valuable fuel as well and is being investigated for value-added applications,

as a soil amendment, catalyst, or an activated carbon-like adsorbent [16—18].
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condensable

Condensation

" Mussel shell
Biomass M"“ng i > Pyrolysis !
drying A !

Biochar

Figure 1-1: Pyrolysis process flow chart

The yield and composition of the three products depend on feedstock type and moisture
content, pretreatment methods, processing conditions, reactor type, and condensation
system [13,19]. The FPBO’s usability in fuel applications is limited due to high water
and oxygen content of 15-30 wt% and 35-40 wt%, respectively [19]. The high water
and oxygen contents lead to poor flammability and lower heating values (LHV

13-18 MJ/kg) compared to fossil fuels (40-50 MJ/kg) [14,20]. FPBO has similar viscos-
ities to No. 4 fuel oil and can be corrosive due to formic, acetic, etc. acids limiting its
use to stainless steel systems [21,22]. The composition change over time or “ageing”

impacts fuel quality [14,23].
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The lack of data on the thermal and compositional properties of FPBO limits the ability
to predict phase and reaction behaviour, which limits reactor and condenser system de-
sign and operation optimization. FPBO contains approximately 20-30 wt% water,

40-50 wt% components which can be detected by gas chromatography (65-85 area % of
which are identifiable), 15 wt% non-volatile compounds detectable by liquid chroma-
tography and 15 wt% high-molecular-weight components (residue or pyrolytic lignin)
which cannot be identified by chromatography analysis [13,24]. Analysis of chemical
composition is completed by GC/MS or GC/FID in most labs due to the low cost and
wide availability of these applications compared to others. Other analytical techniques
include GCxGC (comprehensive two-dimensional gas chromatography), LC (liquid
chromatography), HRMS (high resolutions mass spectrometry), NMR (nuclear mag-
netic resonance), and FTIR (Fourier transform infrared spectroscopy). Even though GC
is the most widely used application, it has drawbacks limiting the identification of de-
tected components such as insufficient chromatographic resolution, peak coelution, una-
vailability of mass spectra of some components, difficulties with quantification due to
lack of analytical standards, no characterization of non-volatiles (sugars and lignin oli-
gomers) [13,25,26]. Additionally, quantification is time-consuming, as calibration with
different concentrations of each individual compound and a known mass of internal
standard (e.g. fluoranthene) is required [11,13]. Thus, compositional GC data is mostly

recorded as area %, not wt%.

Further, there is a lack of data on the impact of adding other waste streams to improve
FPBO fuel quality. The purpose of this dissertation is to improve the understanding of
and ability to predict the properties of whole FPBO and its fractions and thereby meth-

odologically enhance oil quality.
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1.1 Objectives

The overall objective of this work is to enhance the fuel properties of woody biomass
generated FPBO by obtaining a better understanding of the bio-oil properties (e.g. phase
behaviour and composition) and combining other waste streams with the forestry resi-
dues. This objective was achieved in steps (Figure 1-2): Co-pyrolysis of softwood and
mussel shell waste products (Section 1.1.1) and the creation of a thermodynamic model

to predict FPBO volatility (Section 1.1.2).

Select co-pyrolysis

addititve(s)
\ 4
Determine optimal Define procedures for
pyrolysis conditions for « analysis of oil and char
selected additive (DoE) properties

\ 4

Collect (V)ADC data on
(co-)pyrolysis oil

\ 4

Model (V)ADC with P Select model compounds
selected surrogates |~ (surrogates)

\ 4

Predict fuel properties with
distillation curve data

Figure 1-2: Thesis approach and objectives
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1.1.1 Co-pyrolysis

Enhancing the quality of FPBO has been identified as one of the necessities to expand
the possible applications from heating to transport fuels [10]. However, enhancement or
refinement through catalytic upgrading or hydroprocessing of crude FPBO can be prob-
lematic due to the high cost of commercial catalysts, catalyst poisoning by carbon de-
posits and water, limited catalyst regeneration, and low yield [6]. Another possible, less
costly and more sustainable option, is to co-pyrolyse the forestry residues with other
residue streams that could improve oil and/or char properties. By utilizing processing
waste from other industries, cost of disposal in landfills or to the ocean and the associ-
ated environmental impact are mitigated. Red mud (RM) and the fisheries by-products,
mussel (MS) and shrimp shell (SS), were investigated as co-pyrolysis additive in pre-
liminary experiments (Chapter 3). These feedstocks were chosen due to availability, the
potential for oil/char enhancement, and represent a disposal issue for the respective in-
dustries. Based on preliminary study results (Appendix B), MS was selected as the most
promising additive for further experiments. An optimally designed experiment (DoE,
response surface methodology [RSM]) was carried out comparing both designs: co-py-
rolysis (in-situ) and vapour treatment (ex-sifu). The factors studied included reaction
temperature, nitrogen flow, operational mode (in- or ex-situ), and MS additive loading.
Produced oils were analyzed to determine FPBO quality, physical, chemical, and ther-
mal properties, and applicability for fuel use (Chapter 4). The biochar was analyzed for

adsorbent qualities (Chapter 5).
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1.1.2 Thermodynamic modelling

In parallel with the co-processing study, FPBO derived from sawmill residues (soft-
wood shavings) was analyzed to determine thermodynamic properties and subsequently
develop a thermodynamic model (Chapter 6). Attempts have been made to model the
vapour-liquid equilibrium (VLE) of pyrolysis oil surrogate mixtures and model com-
pounds [27-29]. However, comprehensive models of pyrolysis oil thermodynamic prop-
erties could not be found in the literature. Our goal was to model FPBO volatility by
measuring advanced distillation curve (ADC) data of whole FPBO. A model based on a
surrogate mixture and the UNIQUAC phase behaviour equation was developed in
VMGSim™, This model was then improved through the input of the ADC data. The
objective of the model is to predict fuel properties such as enthalpy (heating value, heat
capacity, flash point), flow properties (viscosity, density), and average molecular weight

with the VMGSim™ model and compare it to experimental data.
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scope of this work. The co-authors, Dr. Hanieh Bamdad and Dr. Stephanie MacQuarrie,
assisted with the Discussion and Conclusions of Chapter 5 due to their biochar exper-

tise.
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Abstract

Fast pyrolysis bio-oil (FPBO) from lignocellulosic feedstocks has been successfully
used as a fuel for boilers in heating applications. However, the oil quality limits applica-
tion as a transport fuel due in part to the high oxygen, and resulting acid content of the
pyrolysis oil which complicates storage, handling, and use in traditional petroleum-
based systems. Reduction of the acid or oxygen content can be accomplished via a num-
ber of refinery approaches from catalytic upgrading of the liquid post production to co-
pyrolysis. While past reviews have focused on catalytic upgrading of the post-produc-
tion oil, this work compares studies in post-production catalytic processes, in-situ and
ex-situ pyrolysis vapour upgrading, and co-pyrolysis. The review includes studies of
“natural” additives/catalysts, sourced from waste biomass, as the co-pyrolysis material
or catalyst. Additive/catalysts sourced from waste biomass is potentially a more sustain-
able approach than commercial catalysts. In general, upgrading the liquid post-pyrolysis
can improve quality, however the overall oil yield decreases and cost increases due to
the additional upgrading step. Co-pyrolysis and/or in- and ex-situ vapour upgrading dur-

ing pyrolysis potentially enhance FPBO quality while recovering high-value chemicals.

Keywords: Pyrolysis bio-oil, oil upgrading, co-pyrolysis, catalytic fast pyrolysis
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2.1 Introduction

Enhancing the quality of bio-oil produced from the fast pyrolysis of biomass would be
necessary to expand into transportation and higher end fuel markets [1]. However, en-
hancement through catalytic upgrading (e.g. hydroprocessing) during or post-pyrolysis
can be costly due to the high cost of commercial catalysts and additional processing
steps, catalyst poisoning by carbon deposits and water, limited catalyst regeneration,
and reduced yield [2]. The potentially less costly and more sustainable option is to co-
pyrolyse the biomass with residue streams from other industries that could improve oil
and/or char properties. By utilizing these processing wastes, costs due to disposal in
landfills or to the ocean and the associated environmental impact are mitigated. Ideally,
a co-pyrolysis additive (derived from waste) would improve oil as well as char proper-

ties (as part of char by-product), and therefore, eliminate the need for disposal.

This paper will focus on the upgrading of fast pyrolysis oil from woody (lignocellulo-
sic) biomass, particularly forestry residues. Fast pyrolysis is characterized by tempera-
tures in the range of 450-600 °C, short vapour residence times (seconds), and rapid
heating and quenching rates [3,4]. Oil (at a yield of 50-75 wt%), char (12-20 wt%), and
non-condensable gases (NCG) (13-16 wt%) are produced during fast pyrolysis [1,5-7].
The short vapour residence times reduce secondary reactions and increase the liquid
yield. The main compounds in the gaseous product are CO>, CO, methane and other

light hydrocarbons, and Hz [8,9]. The char consists of elemental carbon, oxygen, hydro-
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gen, and nitrogen (< 1 wt%), minerals, and other inorganics [10—12]. The liquid prod-
uct, referred to as fast pyrolysis bio-oil (FPBO), is a mixture of organics chemically dif-

ferent from hydrocarbon-based oils [13].

Biomass-derived FPBO is a feasible alternative to petroleum-based heating oils requir-
ing minimal modifications to the combustion systems and resulting in lower overall
CO; emissions depending on the source of the biomass [13]. Fast pyrolysis is an eco-
nomically feasible way to convert biomass into liquid fuels compared to the gasification
and biochemical conversion, which is the most expensive. The price for pyrolysis oil
production ranges from US$ 2.00 to US$ 5.50 per gallon gasoline equivalent [14]. Yang
et al. investigated FPBO as the fuel for a combined heat and power plant with an energy
efficiency of 42.5% in a techno-economic study [15]. Additionally, lignocellulosic bio-
mass does not contain sulphur, and therefore, no additional energy is required for sul-
phur removal [16]. Locally sourced waste biomass is used to produce FPBO fuel. This
offers further advantages in regions where distance to market, infrastructure, and other
challenges make import of fuels into or biomass out of the region costly both economi-

cally and environmentally [13, 15-17].

2.1.1 Applications of pyrolysis oil

In addition to fuel, FPBO is a source of platform chemicals [4,18]. FPBO has been
tested as a fuel for furnaces and boilers, diesel engines, gas turbines, and Stirling en-
gines for heat and power generation [19,20]. A detailed review of the use as a fuel and
the necessary modifications to furnaces and boilers can be found in [18,21]. Blending

bio-based oils with petroleum fuels and/or low chain length alcohols (methanol/ethanol)
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to improve performance during combustion [19,21-24] has also been studied, and e.g.
blends with biodiesel and petroleum diesel have been tested in diesel engines [18]. Ad-
ditionally, blending with alcohols increases the stability of FPBO [25]. Examples of
chemicals extracted from FPBO that have high-value applications include anhy-
drosugars, which could be used in the pharmaceutical industry, for surfactants, and bio-
degradable polymers [20]. Industrial products from whole FPBO include BioLime used
in SOx removal, biodegradable slow-release nitrogen fertilizer and alternative wood pre-
servatives, asphalt bio-binder, liquid smoke and wood flavours [18,20,26]. However,
the bulk of applications of FPBO is in fuels. A summary of pyrolysis oil production fa-
cilities (installed and under construction) and their capacities can be found in

[1,6,21,27].

2.2 Feedstocks

2.2.1 Wood and forestry residues

Woody biomass consists of cellulose (35-60 wt%), hemicellulose (15-30 wt%), and lig-
nin (16-31 wt%), organic extractives, and inorganic minerals varying with species
[6,25]. The composition of the common Newfoundland (NF) tree species is given in Ta-

ble 2-1.
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Table 2-1: Chemical composition of NF’s main tree species [25,28,29]

Balsam Spruce Black White Pine [25] Aspen
fir [28] [25] spruce [28] spruce [28]
Cellulose 54.6 42.7-49.8 56.5 55.6 35-40.8 59.1
Hemicellulose 15.4 20.7-27.3 152 16.4 27.1-29  21.2
Lignin 27.7 27.0-28.2 273 27.0 28-28.1 18.1
Extractives 0.8-2.5 34

Forest residues include forest harvest residues (tops, branches, and leaves from harvest
and thinning operations), residues from the removal of small and low value standing
trees for selection or shelterwood partial harvesting systems, and sawmill residues
(chips, slabs, sawdust, shavings, and bark). Harvest residues are typically left in the for-
est to maintain soil quality [30,31], whereas sawmill/pulp and paper residues are used
for energy generation, pulp, particle or strand board and pellet production, compost,
playground cover, or livestock bedding [30]. Location or quality can limit the use of the

residues, and therefore, they are often stockpiled on site, to degenerate slowly [30].

Seventy-five million board feet were produced at Newfoundland and Labrador’s (NL)
581 commercial and 994 domestic sawmills, with the 4 large integrated mills account-
ing for 95% equivalent to 70 million board feet [29]. An inventory in 2009 showed
24,414 bone dry tonnes (BDT) logging residues (in-forest), 7,568 green t/a of sawmill
residues (40-50 wt% moisture content for non-kiln-dried residues, 20 wt% moisture kiln
dried), and 29,000 BDT pulp and paper residues, landfilled as black bark, were gener-
ated in NL [30,32,33]. This results in over 250 kt/a of residues (bark, sawdust, sludge,

etc.) per year generated by sawmill and forestry operations in NL [33].
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2.2.2 Fisheries by-products

In 2015, the worldwide marine fish capture was 81 Mt (megatons) [34] with another
106 Mt from aquaculture [35]. Canada’s total fish production was approximately 823 kt
(capture) and 187 kt (aquaculture) in 2015 [34]. In Canada, 23 kt blue mussels worth
34 mil. USD were farmed in 2015 [35]. By-product from fish processing plants is

40-70 wt% of the harvested depending on fish species, product, and processing methods
[36,37]. In Atlantic Canada, fish processing plants produce 418 kt/a of waste.[38]. Cur-
rent methods to use waste streams from the fish industries are not economically attrac-
tive and include sanitary landfills and effluent treatment ponds [39,40]. The waste can
be potentially transformed into valuable products such as proteins, peptides, amino ac-
ids, fish oil, gelatin, dispersants, etc. [38]. The products can be used in biotechnology,
medicine, food industry, chemical industry, agri-/aquaculture as nutraceuticals, fuel, for
oil spill cleanups, and feed additives, among others [38]. Rural, coastal regions can ben-
efit economically from turning fisheries waste streams into value-added products

[38,41].

2.2.2.1 Shrimp shells

Shrimp shells contain proteins, minerals (calcium carbonate), secondary metabolites, in-
cluding carotenoid pigments, and carbohydrates [38]. Extraction of the valuable carbo-
hydrate biopolymers chitin and chitosan from shells of shrimp, crab, and lobsters is a
use of these by-products currently under investigation [38]. For this research, commer-

cially available dried, ground shrimp shells were supplied by Shell-Ex Canada [42].
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2.2.2.2 Blue mussel shells

Mussel shells can be used as substitutes for aggregates in construction materials or ce-
ment clinker, tiles, lime for plastering, or low-value material for road fill, fertilizer, soil
conditioner, liming agent, mulch, aquaculture, animal feed additive, and a reagent for
phosphate removal from wastewater or to treat acid-mine drainage waste [38,43,44]. In

NL, mussel shells (Figure 2-1) are disposed of in landfills, wasting a valuable by-prod-

uct and incurring costs [43].

Figure 2-1: Blue mussel shells from NF aquaculture cleaned off organic residue with

enzymes (left) and same mussels ground in a ball mill (right)

Organic residues should be removed from the shells before landfilling or in any of the
applications listed above by calcinating the shells (heating to high temperatures in air or
oxygen, at 500 °C for 15 min) or cleaning the shells using enzymes [45]. The use of en-
zymes is potentially less expensive from an energy use perspective and avoids crystal
structure changes due to heating (conversion from aragonite polymorph with ortho-
rhombic crystal structure to calcite polymorph with trigonal- rhombohedral structure
[44,45]). Mussel shells consist of 95-99 wt% calcium carbonate (CaCQO3) and 1-5 wt%

organic matrix composed of B-chitin fibrils in silk fibroin-like proteins that determine
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crystallization structure and counteract calcite brittleness [43]. The calcium carbonate
exists in the three stable anhydrous polymorphs: calcite (triclinic), aragonite (ortho-
rhombic), and vaterite (hexagonal). Thermodynamic stability decreases from calcite to
vaterite [44—46]. A detailed analysis of the shell’s crystal structure can be found in
[43,45,46]. The water content of the calcite, aragonite, and vaterite, is 0.0, 0.0, and

0.8 wt%, respectively [47]. Therefore, mussel shells as a co-pyrolysis additive do not in-
crease the moisture content of the pyrolysis oil expect through possible changes in the
pyrolysis reactions. At temperatures above 700-900 °C, calcium carbonate forms lime
(calcium oxide, CaO) and carbon dioxide [43,44].

CaCO0; (5 = Ca0 ) T co, (@) (2.1)

Calcium oxide has been investigated as a co-pyrolysis additive, successfully improving

the pyrolysis oil quality (Section 2.4.4.1) [48-52].

2.2.3 Red mud

Red mud is a bauxite mining waste produced at 120 Mt/a with an estimated total of 3 Gt
worldwide stored as a slurry in lagoons or sludge in dry-stacking storage sites [53]. Due
to high alkalinity, red mud storage sites are safety and environmental hazards [53]. Min-
eralogically red mud is a highly complex mixture of iron, aluminum, silicon, titanium,
and calcium oxides [53]. During fast pyrolysis around 500 °C, red mud (iron III oxides
(hematite FeoOs3 and goethite) turns to iron II oxides (magnetite Fe3O4 and wiistite), iron
carbides or iron metals which are known as reducing catalysts for Fischer Tropsch, wa-

ter gas shift reaction, cracking, and hydrogenation catalysts for carboxylic acids [53—
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55]. Several studies have been carried out utilizing red mud as a co-pyrolysis catalyst

(Section 2.4.4.1) [8,53-56].

2.3  Properties of fast pyrolysis bio-oil

FPBO derived from woody biomass is a multi-compound mixture resulting from the de-
polymerization reactions of cellulose, hemicellulose, and lignin [18]. Six factors that in-
fluence the composition and properties of the oil are feedstock type, biomass ash con-
tent, temperature, biomass particle size and shape, reactor type, and condenser systems
[3,25,57]. The FPBO is a complex mixture of over 300 organic components: water, and
oxygenated compounds such as organic acids, esters, alcohols, ketones, aldehydes, al-
kenes, phenols, guaiacols, catechol, syringols, vanillins, furancarboxaldehydes, isoeuge-
nol, pyrenes, sugars, miscellaneous oxygenates and trace inorganics [7,13,58,59]. A de-
tailed review of the reactions involved in the thermal decomposition of cellulose, hemi-
cellulose, and lignin as a function of temperature can be found in [60,61]. FPBO is a mi-
croemulsion in which an aqueous solution of polar holocellulose (cellulose and hemicel-
lulose) decomposition products including water form a continuous phase that stabilizes
the discontinuous phase of pyrolytic lignin macro-molecules through mechanisms such
as hydrogen bonding (Figure 2-2) [62,63]. High water content reduces viscosity and
heat of combustion as well as flame temperature, thereby, contributing to lower nitrogen
dioxide emissions during combustion. However, if the water content of pyrolysis oil is

too high (typically > 35 wt% [3]), phase separation occurs (ASTM D7544).
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Figure 2-2: Multiple phases of fresh crude pyrolysis liquid from [25,64,65]

In general, FPBO contains 20-30 wt% water, 40-50 wt% components that are detectable
by GC (65-85 area% of which are identifiable), 15 wt% non-volatile compounds detect-
able by LC, and 15 wt% high-molecular weight compounds (residue) that can not be de-
tected with chromatographic techniques [7,66]. The water originates from moisture in
the biomass as well as secondary reactions in the pyrolysis vapour phase. Pyrolysis re-
action water is due to the cleavage of glucosidic bonds of cellulose and hemicellulose
and secondary cracking reactions [3].GC/MS analysis has identified and quantified up

to 40 chemical components in the FPBO [5].

The temperature and type of condenser system impact both the FPBO composition and
liquid yield. The optimal yield of lignin oligomers, and therefore, of total liquid, occurs

between 450-550 °C. Secondary cracking and repolymerization reactions due to long
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residence times, temperatures above 550 °C, or when hot vapour filtration is used, re-
duce the oil yield [25]. The biomass particle size and shape influence the heat and mass
transfer during the pyrolysis reaction. Reactions are kinetically controlled for particle
sizes below 2 mm [25,57]. Table 2-2 summarizes the required fuel properties of FPBO
(ASTM D7544), the properties of a typical FPBO (2012 and 2017 IEA studies) as well

as properties of a typical catalytic FPBO [3,67,68].

Table 2-2: Summary of pyrolysis oil standard ASTM D7544, typical and catalytic oil
properties [3,67,68]

Property Test Grade Grade Typical Catalytic
Method G D FPBO pyrolysis
[3,67-69] oil [68]
Gross heat of combustion, MJ/kg, D240 15 15 13-18 25-30
min
Water content, wt%, max E203 30 30 20-40 30-40

Pyrolysis solids content, wt%, D7579 2.5 0.25 0.01-1
max

Kinematic viscosity at 40 °C, D445 125 125 15-35
mm?/s, max
Density at 20 °C, kg/dm3 D4052 1.1-1.3 1.1-1.3 1.05-1.25 0.95
Oxygen content, wt% 30-60 20-40
Sulfur content, wt%, max D4294 0.05 0.05 0-0.05 0-0.05
Ash content, wt%, max D482 0.25 0.15 0.01-0.2 0.2
pH E70 Report Report 2-3 5
Flash Point, °C, min ** D93, Pro- 45 45 40-110

cedure B
Pour Point, °C, max D97 -9 -9 -9to -36

“Without filtering, ** now Sustained Combustion Test [70]

There are two grades of FPBO oil, grade G and grade D; grade G is intended for use in
industrial burners and not suitable for residential heaters, small commercial boilers, en-

gines or marine applications; grade D is for commercial/industrial burners requiring
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lower solids and ash content and suitable in residential heaters, engines, or marine appli-
cations modified to handle these types of fuel. The drawbacks of FPBO oil properties,
use as fuel, and options to enhance quality have been summarized by Bridgwater [71].
Drawbacks include acidity or low pH, degradation rates, alkali metals, poor distillabil-
ity, high viscosity, low H:C ratio, material incompatibilities, low miscibility with hydro-
carbons, high oxygen content (reactivity, instability), phase separation or inhomogene-
ity, solids, and water content [62,71]. The energy density of typical FPBO

(13-18 MJ/kg) is half that of gasoline/diesel (45 MJ/kg) by volume and one third by

mass [68].

Phase separation is one of the challenges associated with FPBO [1,8,72,73]. As indi-
cated above, FPBO is a microemulsion, the breakdown of the emulsion results in insta-
bility, and therefore, phase separation [1,8,73]. If the amount of polar component in the
liquid is high (water content > 30-35 wt%), liquid-liquid phase separation occurs result-
ing in a polar top phase of pyroligneous water (often referred to as aqueous phase). This
phase contains polar compounds (water, alcohols, and organic acids), light oxygenates,
and sugars [74]. The bottom phase, or organic-rich phase, consists of non-polar, lignin-
derived compounds [25]. A top phase of an oily extractive rich lignocellulosic, waxy

material with a low water content of 3-6 wt% has been observed in some studies [25].

Two different types of phase separation are observed in the FPBO. The separation de-
scribed above is due to liquid-liquid equilibrium in the liquid product; the second is a
result of the vapour-liquid equilibrium during condensation [25]. Phases can be sepa-

rated into different fractions through condenser design; pyrolysis systems with two or



Chapter 2 — Literature review 26

more condensers produce two or more fractions that can be separately utilized. The
heavy fractions, dominated by polar and non-polar high boiling compounds, is collected
in the first condenser. The lighter organics are concentrated in the liquid obtained in the
second (cooler) condenser. Additionally to water, these lighter compounds include ace-

tic acid, hydroxyacetaldehyde, and acetol [25].

2.4  Upgrading of pyrolysis oil

FPBO is used in stationary engines and boilers [18,19,21] and commercially used for
hospital heating [75] but has limited use in transportation unless upgraded [2] due to
high oxygen content (30-60 wt%). The reactive oxygen-containing compounds and re-
sulting degradation reactions cause storage instability due to an increase in acidity, vis-
cosity, and water content [69,76—78]. The goal is, therefore, to reduce the oxygen con-
tent in the oil during pyrolysis or in subsequent processing of the oil. The FPBO quality
can be further improved by cracking high molecular weight compounds [14]. This in-
creases the H/C ratio and results in a decrease of the FPBO oil product yield [52,72].
Ideally, upgrading would yield a stable liquid with 5-10 wt% oxygen to reduce soot for-
mation during combustion compared to no oxygen, with oxygen present as stable low
acidity alcohol groups (e.g. non-phenolic alcohols) [72]. Liu et al. suggest the degree of

oxygen removal to rate upgrading efficiency (Equation (2.2)).

Xoxy in FPBO * YFPBO

Oxygen removal degree = |1 (2.2)

xOxy in biomass

Where Xoxy in FPBO/X0xy in biomass 18 the weight percentage of oxygen in FPBO/bio-

mass and Ygpp( is the yield of FPBO in wt% [14].
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In a study of the pyrolysis of southern pine, red oak, and sweet gum sawdust in a fixed
bed tube furnace reactor under nitrogen or helium, and temperatures between 371 C and
871 °C there was a decrease in oxygenated compounds in pyrolysis gas and liquid as py-
rolysis temperature increased [79]. There was a corresponding increase in gas yield and
the CO/COz ratio, while liquid yield decreased and percent of aromatic hydrocarbons in

the liquid increased [79].

Processes to improve FPBO can be grouped into catalytic and non-catalytic processes
and further subdivided into processes that focus on upgrading of pyrolysis oil post or

during pyrolysis. During pyrolysis, the vapours can be upgraded prior to condensation
(ex-situ vapour upgrading), or the additive/catalyst can be in contact with the biomass
during in-situ upgrading (most commonly referred to as catalytic fast pyrolysis (CFP))

or co-pyrolysis (combination of different feedstocks) (Figure 2-3).

Liquid bio-oil Upgrading during
upgrading pyrolysis
Ex-situ vapour In-situ upgrading/
upgrading co-pyrolysis
\ 4 \ 4
Catalytic Non-catalytic Catalytic Non-catalytic

Figure 2-3: Overview of enhancement techniques for fast pyrolysis bio-oil

This review focuses on the last two approaches. Catalysts and/or co-pyrolysis can be

used to enhance or upgrade oil quality. The high oxygen (40-50 wt%) content of the

feedstock biomass and the need to process aqueous streams or vapours with non-neutral
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pH requires processing in multiple steps and severe conditions [80]. The main issues of
biomass conversion to fuels or chemicals are poor atom efficiency, product selectivity

and catalyst deactivation [80].

The primary advantage of upgrading with a commercial or specially designed catalyst is
the control over oil quality [69]. However, these processes can be expensive due to cata-
lyst deactivation by coke/char deposits and water, high operational pressure (or vac-
uum), and the potential requirement for hydrogen co-feed increasing catalyst, capital,
and operational costs [69]. Co-pyrolysis with an additive, particularly, if the additive is
another waste/by-product, could decrease costs and increase sustainability of the pro-
cess [72]. The additive should improve oil, char, and/or gas properties and be non-
toxic/inert before or after pyrolysis. Co-pyrolysis or in-situ upgrading is typically car-
ried out at the same pyrolysis conditions as pyrolysis of the pure feedstock resulting in

little change in equipment or additional cost [69].

2.4.1 Biomass pretreatment and effect of indigenous catalysts

Biomass is dried to reduce the water content, as water in the biomass feed will end up in
the FPBO in addition to the water produced during pyrolysis [68]. Other biomass pre-
treatment methods include size reduction, pelletization, and water and/or acid washing
to decrease the ash content of the biomass (alkali and alkaline earth metals (AAEM),
silicon, and other inorganics) [25,81]. These inorganics affect the degradation reactions
of lignocellulose, catalyze secondary vapour cracking reactions, and therefore, decrease
the oil yield and increase the water content and probability of phase separation [25]. De-

creasing the AAEM increases the overall liquid yield and oxygen content of the liquid
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(on dry basis) while gas (specifically CO2) and char yield decrease [81]. Washing with
acid solutions, such as HCI or HF, is more effective compared to water washing [68].
These processes are especially useful for biomass high in AAEM, such as agriculture
residues [68]. Removal of inorganics from biomass inhibits the negative effect of
AAEM on storage stability of FPBO and, in in-situ catalytic pyrolysis, catalyst deacti-
vation through inorganic deposits is reduced [81]. Suggestions for the treatment of spent
washing liquid include biological treatment and subsequent use in irrigation [81].
Stefanidis et al. investigated the effect of inorganics and found that washing at high
temperatures (50 °C) with nitric acid removes more than 90 wt% of inorganics from low
ash content biomass, 40-70 wt% from medium ash content biomass, and only

22-54 wt% from high ash content biomass due to high Si content from soil contamina-
tion in agricultural residues [81]. Compared to acid washing, water washing only re-
moved 17-42 wt% of the inorganics [81]. Stefanidis et al. estimate a decrease in energy
efficiency through acid washing by 7-10% [81]. Water washing only removes water-
soluble metal salts: K, Cl, S, Na, P, and Si; while acid washing additionally removes
cations bound to reactive sites: Mg, Ca, Al, Fe, and Zn [81]. Metals in the biomass in-
crease the homolysis of the pyranose rings to low MW products (CO2, C=0O compounds,
furans, and acids) [81]. Dehydration of cellulose through weakened hydrogen bonds and
promoted cross-link reactions increases char and water yield when inorganics are pre-
sent [81]. Inorganics, such as calcium, favour the cracking of lignin structure and oligo-
mers to phenolic monomers [81-83]. Therefore, the char yield increases after deminer-
alization for high lignin feedstock [81,84]. Mullen et al. found that potassium ex-

changed HZSM-5 catalysts (KZSM-5), with lower acidity compared to HZSM-5, shows
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similar results compared to HZSM-5 deactivated by ash (containing large amounts of
K) deposits. Both increased the yield of monomeric alkylphenols and 2-methylfuran
while decreasing the yield of monoaromatic hydrocarbons [85]. Fermoso et al. com-
pared the influence of de-ashed biomass (through acid washing) with raw biomass con-
taining indigenous catalysts (minerals) and external (HZSM-5) catalysts on the pyroly-
sis of two herbaceous and two woody biomass species [86]. Both indigenous and exter-
nal catalyst reduced the oil yield on a water-free basis. However, while HZSM-5 signifi-
cantly reduced the oxygen content in the produced FPBO through decarbonylation
(CO), the deoxygenation route favoured in the presence of indigenous catalysts (decar-
boxylation) led to increased char yield containing 40% of the chemical energy content
of the biomass feed [86]. Dehydration (H20) is the main deoxygenation pathway for ash

free biomass feed [86].

2.4.2 Liquid bio-oil upgrading

Non-catalytic liquid bio-oil upgrading processes include solvent (low chain length alco-
hol) addition [25,74,87], antioxidant addition or limited access to oxygen [74], mild hy-
drogenation [74], esterification (alcohol plus acid catalyst and dehydrating agent), and
blends with other fuels such as diesel, bunker C and acetone, biodiesel, waste cooking
oil, or glycerol [88,89]. Liquid oil upgrading processes using catalysts, solvents, and hy-
drogen are summarized in [69] by Abnisa et al. The most common upgrading processes

are hydrodeoxygenation (hydrotreating, catalyst: supported hydrogenating metal), (fast
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catalytic) cracking (catalyst: zeolite or others), ketonization (catalyst: metal oxides), al-
dol condensation (catalyst: basic catalyst, solid heterogenous metal oxides, etc.), and es-

terification (catalyst: solid or liquid acid catalyst, zeolites, metal oxides) [53,68].

Liquid processes such as hydrodeoxygenation (HDO) have the advantage of a better
fuel quality due to aromatic hydrocarbon production and less coke production [90]. Dur-
ing HDO oxygen is eliminated as H>O using hydrogen. Alkenes are produced through
hydrogenation-dehydration-hydrogenation. Therefore, bifunctional catalysts with acid
and hydrogenation sites are needed [72,90]. Adding an HDO upgrading step to the py-
rolysis process reduced the oil yield to 26 wt% compared to 65 wt% mainly due to re-
duction of oxygen. Although the HDO oil had a higher energy density, the yield lost
during HDO outweighs the increase in energy density compared to untreated pyrolysis
oil [2,91,92]. Other disadvantages of HDO include high costs for hydrogen, catalysts
acquisition and regeneration, and high-pressure equipment [90]. Hydrolytic destruction
of the support matrix and leaching of active hydrotreating metals have been identified as
issues by Karimi et al. [53]. Ruddy et al. summarized the challenges of liquid and va-
pour phase HDO upgrading, the most important being the large amounts of high-pres-
sure hydrogen required (62 kg hydrogen per 1000 kg pyrolysis oil) [72]. The high cost
and loss of energy yield can be reduced if catalytic fast pyrolysis oil is used as a feed

[76,80].

Fast catalytic cracking (FCC) can also be used to upgrade the oil. De Rezende Pinho et
al. co-fed 10 and 20 wt% FPBO with vacuum gas oil (VGO) in a demonstration-scale

FCC riser reactor with zeolite catalysts (V and Ni on Al,0O3, Na2O, and Re;03). Direct
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feeding of FPBO in FCC leads to the formation of char, coke, and water resulting in op-
erational issues such as line plugging [93]. The FPBO co-feed increased the aromatics
level (particularly phenols) and octane number in the gasoline range products compared
to pure VGO feed, as well as the amount of other oxygenated compounds formed
(mainly water, CO, and CO3) [93]. FPBO upgraded via CFP can be more easily hydro-
deoxygenated, requiring less hydrogen and lower pressures relative to no pretreatment
[93]. The larger scale experiment showed improved product slate due to feed dispersion
of FPBO and VGO (separate feed at different temperatures and reactor heights) and dif-
ferences in catalyst-feed contact compared to lab-scale experiments [93]. Due to these
positive effects of scale, upgrading (e.g. HDO) of FPBO is not necessary when co-fed
(up to 20 wt% of FPBO) with VGO [93]. However, alkaline metals content of the pyrol-
ysis oil causes destruction of zeolite FCC catalyst, and higher make-up rates would have

to be employed to ensure FCC equilibrium catalyst activity [93].

2.4.3 Upgrading during pyrolysis

Due to the disadvantages of liquid upgrading listed above, in-/ex-situ vapour or co-py-
rolysis upgrading can be an attractive option or first upgrading step. In ex-situ vapour
upgrading, the hot pyrolysis vapours are passed through a catalyst or additive before
condensation. In in-situ upgrading and co-pyrolysis, the biomass is mixed with a cata-
lysts/additive and pyrolyzed. In ex-sifu vapour upgrading the operational conditions
(pressure, temperature, and residence time) during pyrolysis and upgrading can be var-

ied, char separation is straightforward, and less additive is required compared to in-situ



Chapter 2 — Literature review 33

upgrading or co-pyrolysis [14]. However, the process requires an additional unit opera-
tion increasing fixed assets investment and operational cost [14]. In-situ upgrading or
co-pyrolysis, on the other hand, is a simplified process with immediate contact of the
vapours with the catalysts or additive [14]. Reactions in the early stages of pyrolysis are
affected with an increase in decomposition of high molecular weight compounds,
thereby increasing the chance of secondary reactions and char formation [14]. In-situ
upgrading or co-pyrolysis allows for better heat integration compared to ex-situ vapour
upgrading [14]. However, during the short residence time in in-situ upgrading (sec-
onds), only the most active components react, limiting the deoxygenation. Other operat-
ing conditions (particularly. temperature) are dictated by the pyrolysis process as well
and might not be ideal for upgrading reactions [14]. In addition, it is proposed higher
additive:biomass ratios are necessary to decrease the effective volume and efficiency
depending on pyrolysis conditions, biomass, and additive used [14]. Separation of char
and additive is more difficult [14]. Fluidized bed reactors and auger reactors are espe-
cially suitable for in-situ upgrading or co-pyrolysis due to the good mixing during the
pyrolysis process [77,80]. An advantage of auger reactors over fluidized bed reactors is
the tolerance for different biomass feed, heat carrier, and catalyst/additive particle sizes

and densities [52,80,94].

2.4.3.1 In-situ catalytic upgrading

A comprehensive review on catalytic fast pyrolysis (CFP), was carried out by Liu et al.
[14]. The most common process is catalytic deoxygenation, a combination of catalytic

cracking and/or hydrotreating. CFP improves the FPBO quality by removing oxygen as
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CO, COg, and H>0, where decarbonylation (CO) is the least preferred route as it re-
moves a carbon for every oxygen removed resulting in lower overall energy density
[68]. The amount of H> required for follow up treatment such as HDO is reduced. How-
ever, energy/yield is lost in the pretreatment step [14]. This process yields an aromatic
hydrocarbon oil produced from biomass directly without the need for additional pro-
cessing steps such as gasification and Fischer-Tropsch synthesis [14]. Catalysts include
soluble inorganics (K, KCI, Na, NaCl, NaOH, Na;O3, Na>Si03, Ca, CaCl,, P, H3;POs,
(NH4)3PO4, MgCla, FeSOs, FeCl,, CuCl,, and ZnCl2), metal oxides, microporous and
mesoporous materials, and supported transition metal catalysts [14]. The soluble inor-
ganics reduce the reaction temperature of cellulose decomposition. Common metal ox-
ides include acid (Al,03, Si02, Si02-Al>03), basic metal oxides (MgO, CaO), and other
transition metal oxides (TiOz, Fe2O3, NiO, ZnO, NiO and ZrO»/TiO2, Fe;O3 and
Zr0,/Ti0, Si0y) [14]. Microporous catalysts are zeolite based; the most common are
HZSM-5 and ZSM-5 [14]. Zeolites are the most studied CFP catalysts [77,80,86] and
the impact of ZSM-5 modified with Ga, Zn, Ni and Co, Fe and Cu, Ni, Ni/Co/Mo/Pt,
Ce, Mg/B has been investigated as well as the impact of the zeolite pore size on the oil
composition [14,80]. Mesoporous materials include SBA-15, AI-SBA-15, MSU-Hgga
and MSU-Wgga [14]. Supported transition metal catalysts for HDO include SiO2 and
AL Os3 supported Fe, Cu, Pd, Ni, Pd-Cu, Pt, etc. [14]. Metal oxides, especially bi- and
multi-metal with suitable supports (e.g. zeolites), have proven to be the most promising
catalyst [14,80]. Catalysts and impacts reviewed by Liu et al. are summarized in Appen-

dix C Table A-1 [14].
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Serrano et al. highlight zeolites as suitable catalysts for CFP with the possibility to
transform biomass to transportation fuels, a sector lacking sustainable renewables [80].
Zeolite catalysts are a nanoporous material with a crystalline framework, uniform mi-
croporosity, shape selectivity, and high surface area [80]. Benefits regarding biomass
conversion with zeolites are hydrothermal stability, hydrophobicity, tuneable acid-base
properties, and high resistance against deactivation by carbon deposits [80]. Zeolites are
good catalysts for the production of deoxygenated FPBO because they selectively form
aromatic hydrocarbons (with high proportion of alkyl-substituted benzenes and naphtha-
lenes) [80]. The main limitations of zeolites are their deactivation due to carbonaceous
deposits and extensive decarbonylation reactions [68]. Five reaction pathways/routes to
improve pyrolysis oil quality with zeolites are catalytic cracking/pyrolysis, hydrotreat-
ment (esp. HDO), condensation, isomerization, and dehydration [80]. Zeolites can be
tailored to combine several reactions in one processing step (one-pot reactions) by cre-
ating hierarchical porosity, changing type (Brgnsted or Lewis), ratio, and concentration
of active acid sites, addition of basic sites, or incorporation of metal phases to create
multifunctional catalysts [80]. Hierarchical porosity is the combination of intrinsic zeo-
lite micropores with secondary porosity in the mesoporous range allowing for more ac-
cessibility, less diffusional and steric hindrance (good for bulky biomass particles), and
reduced deactivation by carbon residues [80]. Zeolite acid site concentration, strength,
and type (Brgnsted/Lewis) can be finely controlled, and through the incorporating of Sn
and Zr a new type of Lewis acid sites beneficial for sugar conversion is created [80].

Basic sites in cation-exchange zeolites favour multiple positive upgrading reactions,
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such as (aldol) condensation reactions, sugar isomerization, and carboxylic acid keton-
ization [80]. Multifunctional zeolites are created through the incorporation of metals or
metallic phases (usually added by impregnation) creating Brgnsted acid sites with me-
tallic centers that favour hydrogenation, HDO, and reduction reactions (e.g. Ru/Beta for

sugar hydrogenation) [80].

2.4.3.2 Ex-situ catalytic upgrading

As noted above, ex-situ vapour upgrading can be accomplished with catalysts/additives,

hot gas filtration, addition of reactive gases, and tail gas recycling pyrolysis (TGRP).

2.4.3.2.1 Non-catalytic ex-situ vapour upgrading

Non-catalytic processes (Table 2-3) such as hot gas filters, made from materials com-
patible with the acidic nature of the oil, produce a narrower molecular weight distribu-
tion in FPBO. However, 10-30 wt% of liquid product yield is lost in hot gas filtration
due to cracking reactions and plugging issues of the filters are common [1,18,95]. Other
approaches include introducing reactive gases such as Hz, CO2, CO, CH4, syngas, or
steam to the reactor. The addition of steam has been proposed to increase the oil yield
and decrease coke production [14,96]. Zhang et al. used fast pyrolysis on corncob in a
fluidized bed reactor and compared N2, Hz, CO2, CO, and CH4 atmospheres. CO gave
the lowest o1l yield (49.6 wt%), and CH4 the highest (58.7 wt%) compared to N2

(57.1 wt%) [14,97]. H2 and CO created a reducing atmosphere, converting oxygen in
the oil to H2O and COx. The higher heating value (HHV) was increased to 24.4 MJ/kg

for Hz and 23.7 MJ/kg for CO compared to N2 at 17.8 MJ/kg [97]. The strong reducing
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CO atmosphere and the slightly oxidative CO; atmosphere increased the amount of ac-
ids, ketones and monofunctional phenols in the oil and decreased other phenols, sugars,
and methoxy-containing compounds compared to the N> atmosphere [97]. Ha sup-
pressed char formation (and, with catalyst, influences composition and yield of liquid

product) [97].

In TGRP, the non-condensable gases (NCQG) are recycled back to the reactor. Mullen et
al. [98] and Elkasabi et al. [99] investigated TGRP of lignocellulosic, pennycress
presscake (protein-rich biomass), and horse manure feedstocks (500 °C, 2 kg/h fluidized
bed reactor, sand heat carrier). Approximately 50-70% of the NCG was recycled back
through the reactor. TGRP improved the quality of the oil recovered in the electrostatic
precipitator (ESP), specifically improving thermal stability, HHV, and the reductive at-
mosphere leading to a reduction in oxygen content and TAN (0.2-4% total acids), but an
increase in water [98,99]. The C/O ratios for the lignocellulosic feedstocks were 8.5-9.1
for TGRP compared to 2.1 under N2 atmosphere. The char yield decreased by 2-3 %
from 12 wt% (oak) and 8 wt% (switchgrass) while gas yield increased by 19% (oak)
and 7% (switchgrass) from 15 wt% (both) [14,98]. The effect of deoxygenation, and
therefore, water content, TAN, and HHV, was reduced for the proteinaceous pennycress
presscake [98]. Mullen et al. compared the oil quality of TGRP oils produced via CFP
with acid zeolite HZSM-5 catalysts in N2 atmosphere and proposed the chemical mech-
anism of deoxygenation to be similar, where the acid-catalyzed process is initiated by

protonation of oxygen functional group, followed by dehydration and dehydrogenation
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forming olefins [98]. Table 2-3 summarizes selected studies in non-catalytic vapour up-

grading.

Table 2-3: Summary of non-catalytic ex-situ vapour upgrading processes

Vapour upgrading  Results References
method
Hot gas filtration Removal of char from FPBO slows ageing Bridgwater
Improved combustion characteristics [1]
10-30 wt% of liquid product yield is lost due to Czernik
cracking of vapours on alkali metals in char and Bridg-
Plugging issues water [18]
Acid resistant filters required Baldwin
and Feik
[95]
Addition of reactive  Steam increases oil yield and reduced coke for- Liu et al.
gases (H2, CO2, CO, mation by 30-45 wt% [14]
CH4, syngas, or CO decreases oil yield by 7.5 wt% Zhang et
steam) CH4 increases oil yield by 1.6 wt% al. [97]
H2 and CO reduce oxygen content of oil and
increase HHV from 17.8 MJ/kg to 24.4 and
23.7 MJ/kg, respectively
Cost of process modification and gas feed
Tail-gas reactive py-  Improved FPBO quality: Increased thermal sta- Mullen et
rolysis (TGRP, recy-  bility, HHV, and significant reduction in oxy-  al. [98]
cling of 50-70 % of ~ gen content and TAN but increase in water Elkasabi et
NCQG to reactor) content al. [99]

Increased char yield

Decreased gas yield

Chemical mechanism of deoxygenation similar
to HZSM-5: an acid catalyzed process initiated
by protonation of oxygen functional group, fol-
lowed by dehydration and dehydrogenation
forming olefins
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2.4.3.2.2 Catalytic ex-situ vapour upgrading

A comprehensive review on ex-situ pyrolysis catalytic vapour upgrading (prior to con-
densation, at atmospheric pressure and temperatures between 350 and 500 °C) focusing
on HDO was carried out by Ruddy et al. [72]. Catalysts investigated include transition
metal sulphide catalyst (TMS), noble metal catalysts, and transition metal carbide, ni-
tride, and phosphide (C/N/P) catalysts summarized in Table 2-4. The authors conclude
that more studies are needed on catalyst functionality with whole FPBO vapours op-

posed to model compounds [72].

Table 2-4: Comparison of catalysts for ex-situ pyrolysis vapour upgrading via hydrode-

oxygenation from [72]

Catalyst type TMS Noble metals Transition metal
Parameter C/N/P
Cost Low High Intermediate
Synthetic complexity Low-intermediate Low Intermediate-high
Bifunctionality Saturated plane and ~ Metallic sites for Metallic sties for
edge sites for HYD  HYD HYD
(S-H)
Vacancy sites for Support intro- Oxygen-modified
C-O activation duces acid sites  sites (-OH) provide

acid function
Activation energy 0.55-0.97 eV MoS 0.19eV Pt(111) 0eV MoP(001)

for H> dissociation 0.34-0.52 eV Co- 0.12eV Pd(111)
MoS 0 eV Ru(0001)
0.32-0.74 eV NiMoS
Deactivation path- Surface oxidation Sintering Surface oxidation
ways Coking Sulphur poison-  C/N/P loss
ing Coking

Coking
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Lu et al. screened 6 nano-metal catalysts (MgO, CaO, TiO., Fe2O3, NiO, ZnO) in an
ex-situ vapour upgrading system based on py-GC/MS using poplar wood (Table 2-5).
Nano-metals were chosen due to low cost and decreased susceptibility to coking. At a
pyrolysis temperature of 500 °C and heating rate of 20 °C/ms, CaO was the most prom-
ising catalyst reducing the acid content while increasing the hydrocarbon content (Table
2-5).

Table 2-5: Comparison of different nano-metal catalysts for ex-sifu pyrolysis vapour up-

grading during py-GC/MS with poplar wood compared to pure poplar wood [100]

Catalyst MgO CaO TiO2 Fe:03  NiO ZnO

Chemicals

Anhydrosugars ! U W ! ) !
Furans 1 ! ) ! 7
Aldehydes U ) ! I W !
Ketones i) " T T T 7
Phenols 1 1 ) ) T T
Acids | i ) 1 ! T
Alcohols 1 1 | ! ! T
Hydrocarbons ) (i} ) i} ) 1
Cyclopentenones 1 " 1 1 7 T

1 small to intermediate increase in peak area% 11 intermediate to large increase in
peak area %

| small to intermediate decrease in peak area% || intermediate to large decrease in
peak area%
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2.4.4 Naturally occurring and process waste additives

Catalysts or other additive composed of high-end metals, strong acids or bases, or re-
quiring intensive production processes, can be cost prohibitive in terms of handling,
capital cost, regeneration, and/or disposal. Ideally, non-synthetic additives/catalysts,
produced as a by-product or waste stream from another process, with similar chemical
make-up of the aforementioned additives/catalysts could be a sustainable option. In the
subsequent sections, two waste streams: an industrial waste stream (bauxite mining
waste), and wastes associated with shellfish processing (calcium carbonate) are re-
viewed as possible co-pyrolysis materials. It should be noted that the impact on the py-
rolysis reaction mechanisms with these non-synthetic additives is unknown and/or diffi-
cult to assess due to the complex nature of the additives. As such, the discussion below
has been limited to these two waste streams as there is most published work in these ar-
eas with respect to impact on oil and char quality and comparison with synthetic cata-

lysts.

2.4.4.1 Red mud

Red mud is a bauxite mining waste. Approximately 3 Gt is generated per year world-
wide. Stored as a slurry in lagoons or sludge in dry-stacking storage sites, the mud rep-
resents a waste disposal issue [53]. Due to high alkalinity, red mud storage sites are
safety and environmental hazards [53]. Mineralogically red mud is a complex mixture
of iron, aluminum, silicon, titanium, and calcium oxides [53]. Undergoing fast pyrolysis
at approximately 500 °C, red mud (iron III oxides (hematite Fe;O3 and goethite)) con-

verts to iron I oxides (magnetite Fe3O4 and wiistite), iron carbides, or iron metals.



Chapter 2 — Literature review 42

These compounds are known as reducing catalysts for Fischer-Tropsch, water gas shift

reaction, cracking, and hydrogenation catalysts for carboxylic acids [53-55].

Veses et al. (2015) pyrolyzed pine wood chips and bark in an auger reactor at 450 °C
with a constant ratio of sand/additive:biomass of 3:1 by mass [8]. Sand is used as a heat
carrier. The catalytic activity of a number of clay mineral additives including: sepiolite
(magnesium silicate Mg4SisO15(OH)2-:6H20), bentonite (aluminum phyllosilicate,
mostly montmorillonite), attapulgite (magnesium aluminium phyllosilicate
(Mg,Al)2S14010(OH)-4(H20)), and red mud (bauxite waste, Fe-based, also aluminum
and titanium oxide, and Si, Ca, Na) was studied [8]. Additive:biomass ratios of 3:1, 1:3,
and 1:6 were used. The pyrolysis oil yield decreased, and char yield increased by

10 wt% with a sepiolite:biomass ratio 3:1 [8]. All additives except red mud slightly de-
creased liquid yield. The optimum additive:biomass ratio was selected at 1:6 to limit the
reduction in liquid yield [8]. With the addition of red mud, the liquid yield increased,
due to increased water content in the oil, while char and gas yield decreased [8]. The
CO3; content in the NCGs increased, while CO decreased for all feedstock mixtures
studied. H» decreased, except for red mud, where it was roughly constant compared to
the biomass feedstock [8]. The char composition did not change between catalysts. The
oil showed heterogeneous behaviour with two separated phases (aqueous top phase and
organic bottom phase). Sepiolite and red mud reduced TAN and increased pH [8]. Min-
eral clays and red mud increased the cracking of heavy compounds [8] and increased
phenolics and BTX while decreasing esters. The increase in phenolics, which make up

the majority of the pyrolysis oil, leads to an increase in overall molecular weight and
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viscosity and is not desirable [8]. Specifically, red mud reduced acids and increased fu-
rans and ketones leading to increased stability of the oil while PAHs in the oil were re-

duced, indicating tar cracking reactions [8].

Yathavan et al. [54,56] compared HZSM-5 and red mud as catalysts in the pyrolysis of
a 50:50 w/w juniper:pine mixture. The material was processed in a 150 g/h fluidized
bed reactor at 475 °C using a sand heat carrier. ZSM-5 was calcinated at 550 °C for 5 h
while the dried red mud water slurry (pH 9) was heated in the reactor for 2 h prior to py-
rolysis, thereby converting it from hematite (Fe2Os3) to magnetite (Fe3O4) [54]. The red
mud is regenerated for re-use by heating in air to remove coke [54]. The total liquid
yield reduced from 60.3 wt% for sand heat carrier to 49.3 and 44.4 wt% for HZSM-5
and red mud, respectively [54]. Water content increased from approximately 20 wt% to
23.5 wt% for both catalysts. Dynamic viscosity at 40 °C was reduced (by a factor of 7
with red mud (97 cP) and a factor of 3 with HZSM-5 (214 cP)) compared to sand heat
carrier (686 cP) and stability increased for both oils [54]. The reaction pathways were

identified as decarboxylation (red mud) and decarbonylation (HZSM-5) [54].

Lim et al. (2014) [55] studied the pyrolysis of oil palm empty fruit bunch (EFB) with
red mud slurry (at pH 14) in a tube furnace reactor at 400 °C with 1 L/min N> flow. The
EFB was pretreated with acid washing (water and alkali washing also leads to deminer-
alization) to remove inherent metals (K, Na, Ca, Mg, Cl) and impregnating with metals
from red mud (Fe, Al, Ti) [55]. The oil yield increased from 39 wt% (no pretreatment)
to 52 wt% (pretreatment) [55]. Fe was identified as the catalyst involved in oil cracking.

Reduction of the gas and char yield is due to the formation of a tar liquid when Fe is
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present, reducing char formation [55]. The metals formed complexes with phenols, re-
ducing the phenol concentration in the pyrolysis oil [55]. The acid washing and treat-
ment with red mud lead to an increase in sugars and O-ring structures and reduce phenol

content [55].

Karimi et al. [53] studied the upgrading of pyrolysis oil using red mud in a 300 mL
pressurized (10 to 21 MPa) reactor at a final reaction temperature of 365 °C and a ramp
of 3 °C/min (slow pyrolysis). Acidity and oxygen content was reduced while energy
density increased. However, the study resulted in a two-phase oil with high water con-
tent (82-90 wt%) aqueous top phase and low yield of organic bottom phase [53]. Red
mud is suitable for the selective production of chemicals from crude pyrolysis oil. How-
ever, the produced oil is not suitable as a direct fuel due to increased water content and

phase separation [55].

2.4.4.2 Calcium oxide

Lin et al. (2010) discovered a 21% reduction in oxygen content of the FPBO when they
pyrolyzed white pine with CaO at a 5:1 ratio in a fluidized bed at 520 °C with

50 mL/min carrier gas flow compared to pure pine [51]. Veses et al. (2014) co-pyro-
lysed pine softwood with CaO in an auger reactor at temperatures higher than 450 °C
increasing secondary reactions and tar production compared to pure pine feedstock [52].
Both calcined calcite (CaO) and calcined dolomite (CaO MgO) as a co-pyrolysis addi-
tive were investigated. The char carbon content decreased by 2.5 wt% for sand-CaO and
4.3 wt% for sand-CaO-MgO compared to 79.2 wt% with sand [52]. While oxygen con-

tent in char increased by roughly the same percentage to 19.7 and 21.9 wt% due to the
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higher oxygen content of CaCO3 [52]. Yields for liquid (48-50 wt.%), char

(25-27 wt.%), and gas (26-27 wt.%) were unaffected by the additive [52]. The oil
showed reduced acidity (pH and TAN) and oxygen content and increased LHV and vis-
cosity [52]. Reduction of high oxygen content phenolics (creosol, guaiacol, ethyl-
methoxyphenol) was observed, while no influence of CaO or Cao MgO on the stability
of the oil could be detected. The usually endothermic pyrolysis process becomes exo-
thermic with CaO additive [52]. In a follow-up experiment, Veses et al. (2016) carried
out char combustion and reactivation of CaO for recirculation in a fluidized bed at

800 °C [48]. The authors suggest reducing the moderate deactivation of the additive by

addition of a purge and an inlet of fresh heat carrier (CaO and sand) [48].

Calcium oxide can be produced via calcination of calcium carbonate containing shells
such as mussel shells [101,102]. In Canada, 23 kt blue mussels worth 34 million USD
were farmed in 2015 [35]. Rural, coastal regions can benefit economically from turning
fisheries waste streams into value-added products [38,41]. In NL, mussel shells are dis-
posed of in landfills, wasting a valuable by-product and incurring costs [43]. CaO is
also present in clay minerals such as calcite and dolomite [52]. At temperatures above

700 °C, calcium carbonate forms lime (calcium oxide, CaQ) and carbon dioxide.

Barros et al. transformed waste mussel shells into purer calcium carbonate (CaCO3) lim-
iting kiln temperature to 600 °C to prevent calcination of CaCOj3 to CaO and CO; at
temperatures between 700-900 °C [103]. Mussel shells can be used in construction ma-
terials, phosphate removal from wastewater, soil conditioning, and aquaculture or ani-

mal feed additive [38,43,103]. Mussel shells consist of 95-99 wt% calcium carbonate
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(CaCOs3) and 1-5 wt% organic matrix composed of B-chitin fibrils in silk fibroin-like
proteins that determine crystallization structure and counteract calcite brittleness [43].
Given the positive impact on the oil quality using CaO as an additive, there is potential

to use waste mussel shells in co-pyrolysis [48—52].

2.5 Conclusions

The enhancement of FPBO, derived from forestry residues, is required to expand the
market for FPBO from low-grade heating oil to transport fuel quality. Upgrading FPBO
quality has been investigated using commercially available catalysts such as HZSM-5 to
promote deoxygenation reactions. The main issues of biomass conversion to fuels or
chemicals are product selectivity and catalyst deactivation [80]. The high oxygen
(40-50 wt%) content of the feedstock biomass and the need to process aqueous streams
or vapours with non-neutral pH requires processing in multiple steps and severe condi-
tions [80]. Catalytic fast pyrolysis (CFP) or mild hydrotreatment (without hydrogen)
prior to HDO and/or FCC liquid upgrading is one option to combine upgrading steps.
FPBO upgraded in CFP can be more easily hydrodeoxygenated, demanding less hydro-
gen and lower pressures [68,76,93]. However, the bio-oil and energy yield is reduced
with each step, including losses of valuable carbon in form of CO/CO> and char/coke.
More research on the combination and integration of different vapour and liquid phase
upgrading technologies is needed [68]. Generally, decarbonylation (CO) should be
avoided to limit the loss of carbon and hydrogen (energy) due to coke formation and
gaseous hydrocarbon production due to vapour cracking [86]. Therefore, decarboxyla-

tion and dehydration are preferred routes of FPBO deoxygenation [68,86]. Many studies
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have been completed on the catalytic pyrolysis of individual biomass components.
However, more research is needed with whole biomass/FPBO to account for simultane-
ously occurring reactions and impurities (e.g. deactivation of catalyst due to ash/metal

content) [68].

All upgrading steps will need to find a balance of mass and energy yields, FPBO oxy-
gen content, carbon loss, and hydrogen demand, as well as feed/production and product
cost. Catalysts required for catalytic pyrolysis and liquid upgrading and the operation of
catalytic reactions are often expensive (high temperature and pressure). Therefore, com-
pared to the market price of the pyrolysis oil (and char) products, using commercial cat-
alysts in oil upgrading is not economically feasible at this point. Instead, alternatives de-
rived from waste streams with similar chemical make-up compared to suitable catalysts
as co-pyrolysis additives are potentially viable options. Examples of these additives are
red mud (bauxite mining waste stream) and calcium oxide (clay minerals or calcined
mussel shells). These additives would shift the balance towards high yield and low cost
while still achieving some reduction in FPBO oxygenated compounds. However, more
work is required into the reaction mechanisms, particularly identifying possible catalytic
reactions when natural additives are used. A comparison to synthetic catalysts, investi-
gation of the fate of the additives (in oil, char and/or gas), and overall techno-economic
feasibility are needed. Research in the production of green chemicals and transportation
fuels via catalytic upgrading of the pyrolysis liquid or vapours could improve the envi-
ronmental and economic feasibility of the pyrolysis process overall. However, the eco-

nomic incentive for the use of FPBO in heat and power production is currently stronger
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and upgrading with the use of co-pyrolysis additive is the least costly option. If co-py-
rolysis additives enhance pyrolysis oil as well as char quality, and if the additives are in-
corporated within the char, an additional separation step is not necessary decreasing op-

erational cost further compared to catalytic upgrading processes.
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Abstract

Pyrolysis bio-oil from forestry residue has been investigated as a possible alternative or
blend for fossil fuels and chemical feedstock. However, challenges in direct use as a
fuel such as high acid, oxygen, and water content cause instability and corrosion. In ad-
dition, the biomass may be in a region where there is a supply of different feedstocks as
opposed to sufficient supply the forestry residues. To improve the economics of the py-
rolysis process and enhance the oil quality we are studying the co-processing of the bio-
mass with additives in the form of by-products from the fisheries and/or mining industry
to enhance oil and char quality. This chapter presents the results of a screening analysis
of co-pyrolysis with shrimp residues, mussel shells, and red mud both in-sifu (softwood
mixed directly with the shells/red mud) and ex-sifu (contact of only the softwood pyrol-
ysis vapours with the additive). The oil and char were analyzed to determine the impact
on the quality as fuel (oil and char) and adsorbent/soil amendment (char). Preliminary
experiments indicate that red mud is not a viable additive for fuel applications due to
cracking of high molecular weight compounds leading to high water content. Oil pro-
duced with shrimp shell additive showed nitrogenous compounds that would cause is-
sues in refining and blending application of the pyrolysis oil. Mussel shells as a co-py-
rolysis additive showed a promising slight increase in oil yield, water content, and high
heating value of the water free oil indicating a reduction of oxygenated organic com-

pounds.

Keywords: Pyrolysis bio-oil, co-pyrolysis, mussel shell, shrimp shell, red mud
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3.1 Feedstock preparation, particle size, and moisture analysis

This study focused on improving the quality of pyrolysis oil and char by addition of ad-
ditives (red mud, shrimp shell, and mussel shell) to the softwood feedstock. The sample
preparation, moisture analysis of the feedstocks, preliminary py-GC/MS studies, and
tube furnace experiments have been carried out. MS was found to be the most promis-
ing additive to improve the pyrolysis oil fuel properties, and a DoE was developed

(Chapters 4 and 5) to produce oil and char in a laboratory scale tube furnace reactor.

3.1.1 Sample preparation

The dried SW is ground to a fine powder in a ball mill for 8 min with two % in stainless
steel balls (for py-GC/MS) and ground to < 2 mm in a cutting mill (for tube furnace).
The additive is ground in the ball mill for 8 min with two % in stainless steel balls for
both lab scale pyrolysis reactors. After grinding, the wood and additive are dried at

75 °C for at least 2 hours.

3.1.2 Sieve analysis

Particle sizes of the dry feedstock were determined by sieve analysis with sieve sizes
0.125,0.25, 0.5, 1.0, 1.2, and 2.0 mm for wood and 45, 63, 90, and 125 um for MS. The
sieve times of wood and mussel shell were 3 min and 5 min, respectively; determined as
AResidue/min < 0.1 wt%. The start weight was selected according to DIN 66165 and
chosen to be 100 g for wood and 20 g for mussel shells. Rubber cylinder sieve aids
(Iength 10 mm, diameter 5 mm) were required for mussel shells. The amplitude was

1.3 mm/g for both wood and mussel shell. The results were analyzed via a Rosin-
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Rammler-Sperling-Bennet (RRSB) distribution and particle sizes were dip = 0.28 mm,
dso=0.67 mm, d’ = ds32 = 0.75 mm, and dgo = 1.2 mm for wood; and dio =9 um, dso =

51 um, d’ = de32 = 70 um, and dgo = 170 um for MS.

3.1.3 Moisture analysis feedstock

Drying experiments of co-pyrolysis feedstocks MS, RM, SS, and SW were carried out
at 60, 75, and 90 °C for O, 1, 2, 6, and 18 hours in a Blue M Stabil-Therm Oven. Two
particle sizes were tested for MS, SS, and SW, as received and ground in a ball mixer
mill (Section 3.1.1). The moisture content was analyzed in a Mettler Toledo HB 43-S
Halogen Moisture Analyzer at 105 °C. The sample size was 2 g per moisture analysis.
The moisture content does not decrease further after 2 hours of drying time or when the
temperature is increased from 75 to 90 °C. Therefore, the recommended drying temper-
ature and time are 75 °C for at least 2 hours. The final moisture content for all feed-

stocks is below 2 wt% (Figure 3-1).
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Figure 3-1: Moisture content of co-pyrolysis feedstocks at (a) 60 °C, (b) 75 °C, and (c)

90 °C drying temperature
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3.2 Preliminary py-GC/MS experiment

To investigate the influence of different additives, RM, MS and SS were co-pyrolysed
with SW in a GC/MS preheated to 500 °C. For compositional analysis, the vapours
were passed through a GC column at 270 °C. The four SW-to-additive ratios investi-
gated were 9:1, 5:1, 3:1, 1:1, w/w and pures (Figure 3-2). The feedstocks were mixed

and ground simultaneously in a ball mill (Section 3.1.1).

Figure 3-2: Feedstock for py-GCMS at 1:0, 9:1, 5:1, 3:1, 1:1, and 0:1 softwood-to-addi-

tive ratio with (a) red mud and (b) mussel shell

The sample mass of SW was kept constant at 1 mg, and the weight of the complete sam-
ple adjusted accordingly. The detected chemicals were grouped into the following

chemicals groups by summation of area%: Nonaromatic alcohols, carboxylic acids,
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nonaromatic aldehydes, ketones, ethers, and esters, furans, pyrans, heterocyclic carbo-
hydrates, oxygenated aromatic compounds, aromatic aldehydes, anisols, phenols, ben-
zenediols, methoxy-, di-methoxy phenol derivatives, and PAHs [1]. The components
are identified manually via a comprehensive database of pyrolysis oil compounds based

on NIST webbook data with Ty, MW, and electron ionization spectrum.

3.2.1 Results

The average deviation in area% between two py-GC/MS runs with 9:1 and 7:3 ratios of
SW-to-SS is 0.93 and 0.35 area% respectively. GC analyses will be carried out in dupli-
cate and repeatability improved by integrating some of the peaks (e.g. levoglucosan
peak) manually. Figure 3-3 summarizes the GC/MS spectra for the preliminary experi-
ments with SS, MS, and RM additive per chemical family. Individual GC/MS spectra

can be found in Appendix C.1.

3.2.2 Conclusions

The characterization of the chemical composition for the whole oil was impractical,
time-consuming, and inaccurate. Only the generation of a general idea or tracking of in-
dividual compounds was possible. The GC/MS analysis is more viable when studying
the bio-refinery concept, where yields of specific compounds are more important. For
future oil studies elemental (CHN(O)) analysis will be investigated as an option to de-
termine the reduction in oxygenated compounds. Moreover, at least duplicates of each
py-GC/MS sample should be recorded, and the average used for analysis to reduce and

identify measurement errors.
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3.3  Preliminary tube furnace experiment

The tube furnace sample boats were modified from open sample boats to closed tubes to
allow for ex-situ pyrolysis vapour quality improvement by passing them through a plug
of quartz wool and additive. An SW-to-additive ratio of 5:1 w/w, pyrolysis temperature
(500 °C), and nitrogen flow (50 mL/min) were set as operating parameters for all exper-
iments. The oil was analyzed for chemical composition (GC/MS), water content, and
HHV. Oil and char yields were recorded, while gas yield was determined by difference.

The GC/MS spectrum for pure SW is shown in Figure 3-4. The other GC/MS spectra

can be found in Appendix C.2.
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Figure 3-4: GC/MS of pyrolysis oil from pure SW (500 °C, 50 mL/min N2 flow)

3.3.1 Results

The results of the oil analyses are summarized in Table 3-1.
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Table 3-1: Summary of preliminary tube furnace co-pyrolysis experiments, co-pyrolysis
of SW with RM and SW with SS yielded phase separated FPBOs that were analysed in-

dividually and as a whole oil after vigorous mixing

HHYV of
Properties Yield Water content HHV water-free
Sample (Wt%) (wt%) MJ/kg) oil (MJ/kg)
Mean 95% Mean 95%
Pure Softwood 64.4 30.8 2.0 150 0.2 21.7
Pure Shrimp shell 42.9 65.7 324 10.2 NA 29.8
Whole Oil SW: RM in-situ  58.1 439 NA 126 NA 22.4
SW: RM in-situ aqueous NA 50.9 7.5 9.8 5.1 19.9
SW: RM in-situ oily NA 23.0 9.6 20.8 NA 27.0
Whole Oil SW: RM ex-situ  63.1 414 NA 12.7 NA 21.7
SW: RM ex-situ aqueous NA 43.8 2.1 11.8 1.1 20.9
SW: RM ex-situ oily NA 320 95 16.5 NA 242
SW: Mussel shell in-situ 58.7 35.1 1.1 144 09 22.2
SW: Mussel shell ex-situ 594 38.7 0.4 14.1 0.9 22.9
Whole Oil SW: SS in-situ  69.2 45.1 NA 126 NA 23.0
SW: SS in-situ aqueous NA 53.2 1.4 10.4 0.3 22.2
SW: SS in-situ oily NA 26.1 5.5 17.9 NA 24.2
Whole Oil SW: SS ex-situ  64.4 422 NA 124 NA 21.5
SW: SS ex-situ aqueous NA 49.0 10.2 10.2 2.5 20.1
SW: SS ex-situ oily NA 26.2 25.0 176  NA 23.9

The moisture, ash, volatile and fixed carbon content of the produced chars were ana-

lyzed along with HHV and BET surface area (Table 3-2).

Table 3-2: Results preliminary experiment char

Moisture content Ash Volatile Fixed carbonHHV BET

Feed (Wt%) wWt%) (wt%) (wt%) kJ/g) m?/g
Softwood 2.8 5.5 14.9 76.7 254 6.1
SW:SS 29 12.7 17.2 67.2 233 NA
SW: MS 34 9.2 25.9 61.5 17.0 6.8

SW:RM 2.1 1.6 30.9 70.7 NA 11.9
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3.3.2 Other additives

Additonally to SS, MS, and RM, the influences of SW char, Hardwood (HW) char, and
steel shot on the pyrolysis of pure softwood was investigated. Results show that oil pro-
duction in the in-situ mode with SW char and steel shot reduces water content and that
the ex-situ mode increase water content and leads to phase separation for all additives.
In conclusion, softwood is in constant contact with SW char and steel shot in the auger

reactor, reducing the water content of the produced oil.

3.3.3 Conclusions

Red mud is not a viable additive for fuel applications due to cracking of high molecular
weight compounds leading to high water content. Oil produced with shrimp shell addi-
tive showed nitrogenous compounds that would cause issues in refining and blending
application of the pyrolysis oil [2]. Both RM and SS co-pyrolysis with SW yielded two-
phase FPBOs, while co-pyrolysis of SW with MS yielded a one-phase oil. Mussel shell
was the most promising additive to improve oil and char quality. Oxygen content (HHV
of water-free oil) in the oil was improved and the char has the potential to be used for
high-value applications, such as adsorption, rather then combustion. Therefore, MS will
be further investigated as a pyrolysis additive for in-situ and ex-situ operational mode.
The ex-situ operational mode increases while in-situ reduces water content in the FPBO.
For future studies, acidic acid will be studied by GC/MS as an indicator of acid produc-
tion. Closed tube boats reduced oil yield and quality due to poorer heat transfer com-

pared to open boats.
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Abstract

Fast pyrolysis bio-oil (FPBO) from lignocellulosic feedstocks can be limited to applica-
tions such as heating due in part to the high oxygen and resulting acid content of the oil
which complicates storage, handling, and use in traditional petroleum-based systems.
Research has been carried out to enhance the oil quality, both catalytically and non-cat-
alytically. This work focuses on utilizing by-product from the fisheries industry as a co-
pyrolysis additive to enhance oil quality. Mussel shells (MS) were co-pyrolyzed with
softwood forestry residues in a lab-scale, tube furnace reactor. The pyrolysis tempera-
ture (400-525 °C), nitrogen flow rate (50-300 mL/min), wood-to-MS ratio (0-50 wt%
MS), and operational mode (in-situ and ex-situ) were varied in a designed experiment.
The produced pyrolysis oils were analyzed for water content (Karl-Fischer titration),
high heating value (HHV), total acid number (TAN), pH, density, volatility and ash
content via thermogravimetric analysis (TGA), and chemical composition via gas
chromatography-flame ionization detector (GC-FID) and C/H/N(O) elemental analysis.
Co-pyrolysis with MS in-situ decreased the TAN of FPBO from 68 to

48 mgNaOH/gOil), while the water content increased from 29 wt% to 39 wt%. How-
ever, the HHV of the water-free oil increased from 22.4 to 23.6 MJ/kg, indicating a re-
duction in oxygenated compounds, and therefore, an improvement in fuel quality of

FPBO.

Keywords: Fast pyrolysis bio-oil; oil upgrading; co-pyrolysis; mussel shell; calcium

carbonate; design of experiment (DoE)
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4.1 Highlights

e Mussel shells, a fisheries by-product, reduce fast pyrolysis bio-oil acidity

e Deoxygenation of fast pyrolysis bio-oil through decarboxylation and dehydration

e Co-pyrolysis additives are potentially less costly compared to commercial cata-
lysts

e GC-FID combined with response surface methodology show trends in composi-
tion

4.2 Introduction

Biomass is the world’s largest, most widely available, and the only renewable energy
source that can be converted into several fuels (including liquids) and chemicals [1-4].
An inventory in 2009 showed over 250 kt of residues (bark, sawdust, sludge, etc.) per
year generated by sawmill and forestry operations in Newfoundland and Labrador alone
[5-7]. In 2016, 171 million tonnes of fisheries products were harvested globally, with
88% for human consumption, 35-70% of which was by-product [8,9]. Fisheries by-
products have the potential to be used in a variety of applications including fuels, indus-
trial chemicals, oil spill cleanup, food industry, cosmetics, feed additives, and biotech-

nology [10].

Fast pyrolysis is a proven process for the conversion of forestry and agricultural resi-

dues [4,11-13]. Fast pyrolysis bio-oil (FPBO) (yield of 50-75 wt%) is the main product
with by-products of biochar (12-20 wt%) and non-condensable gas (NCG) (13-16 wt%)
[14-17]. FPBO is an organic liquid containing water, oxygenated compounds, and trace

inorganics [12,16,18,19]. Biomass-derived FPBO is a feasible alternative to petroleum-
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based heating oils requiring minimal modifications to the combustion systems and re-
sulting in lower overall CO2 emissions and close to zero sulphur content depending on

the source of the biomass [12,20].

Improving the quality of FPBO is required to expand its use into transportation and
higher end fuel markets [17]. A detailed review of FPBO fuel quality refinement can be
found in [20]. Processes to improve FPBO can be grouped into catalytic and non-cata-
lytic processes and further subdivided into upgrading of pyrolysis oil post or during py-
rolysis. During pyrolysis, the vapours can be upgraded prior to condensation (ex-situ va-
pour upgrading), or the additive/catalyst can be in contact with the biomass during in-
situ upgrading (catalytic fast pyrolysis (CFP), or co-pyrolysis) (Figure 4-2) [20]. The
primary advantage of upgrading with a commercial or specially designed catalyst is the
control over oil quality. However, these processes can be expensive due to catalyst re-
placement, high or vacuum operating pressures, and the potential requirement for hy-
drogen [4,11,21]. Non-synthetic additives/catalysts, produced as a by-product or waste
stream from another process, with similar chemical make-up of the commercial
additives/catalysts, could be a sustainable option [20]. The additive proposed in this
work is mussel shells (MS). In general, studies of the pyrolysis of waste fin and shell-

fish and co-pyrolysis of fishery and forestry are limited.

Fast pyrolysis of waste fish oil was carried out by Wiggers and Wisniewski et al.
[8,22,23] yielding 72-72.8 wt% liquid fuel, 15.9 wt% NCG, and 11.3 wt% char. The
FPBO was separated into two fuels with properties comparable to gasoline and diesel

via distillation; however, the fuels were highly acidic [8,22,23]. As such, the FPBO was
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upgraded via reactive distillation and esterification, which reduced acid content by 95%
for gasoline range and 43% for diesel range oil [8]. Fadhil et al. produced pyrolysis oil
and activated carbon (via steam activation of biochar) from de-oiled fish waste in a
fixed-bed laboratory scale slow pyrolysis reactor at 500 °C [24]. Rowland et al. gasified
salmon processing waste (comparing whole fish to heads, viscera, and frames) and mix-
tures of salmon waste and pine wood pellets to produce bio-syngas [25]. Kraiem et al.
pyrolyzed waste tuna lipids in a fixed-bed laboratory scale reactor at 500 °C [26,27].
Varuvel et al. used ex-situ pyrolysis (catalytic cracking of slow pyrolysis vapours on
NayCo3/MgSOq4 catalyst) of waste fish fat to produce a liquid for blending with diesel
fuel [28,29]. Abeynaike et al. [30] and Currie et al. [31] partially calcined powdered
mussel shells via slow pyrolysis at 650-800 °C to produce biochar for phosphate re-
moval from wastewater. Pine sawdust, microalgae (Spirulina platensis), seaweed (Ulva
lactuca.), and marine fish waste generated FPBO were compared [32]. The oils were
generated in a fixed-bed laboratory scale reactor at 460 °C (with 10 min hold) followed
by vapour upgrading on H-ZSMS catalyst [32]. The upgrading had a dehydrating, deox-

ygenating, and denitrogenating (nitriles, amines, and amides) effect on the FPBO [32].

Forestry residues have been co-pyrolyzed with waste materials such as plastic and tire
rubber waste [33—38], waste printed circuit boards [39], glycerol [40], sewage sludge
[41], bituminous coal [42], seaweed bio-coke [43], calcium-based minerals [44,45], and
mineral clays [20,46]. Enteromorpha clathrate sea-weed bio-coke was pyrolyzed with
rice husk volatiles (ex-situ) in a fixed bed, laboratory scale, reactor at 550 °C, increasing

the aldehydes, furans, carboxylic acids, ketones and phenols in the liquid product, while
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the saccharide content decreased [43]. Co-pyrolysis of 30 wt% polypropylene with

70 wt% alder or pine wood in a laboratory scale, fixed bed, slow pyrolysis reactor at
600 °C resulted in a decrease in concentration of oxygenated organics in oil [38]. Pyrol-
ysis of fir sawdust with waste printed circuit boards at 500 °C under 10kPa vacuum in a
fixed bed, slow pyrolysis reactor produced value-added brominated aromatic com-
pounds [39]. Co-pyrolysis of forestry waste (pine) and waste tire rubber at 500 °C im-
proved the liquid product fuel quality compared to pyrolysis of neat pine (reduction in
acidity, density, oxygen, aldehyde, and phenolic content, while pH and calorific value
increased) [35]. Fast pyrolysis of sawdust pellets with 20 and 40 wt% glycerol content
at 600 °C in a batch reactor decreased the FPBO and char yields and increased NCG
yield as glycerol was increased [40]. In the co-pyrolysis of sewage sludge with wood or
rapeseed at a ratio of 6:4 (sewage sludge to forestry/agro feed) in a fixed bed, slow py-

rolysis reactor at 450 °C the fuel properties of the organic phase were improved [41].

In this work, we investigate the impact on the FPBO in the co-pyrolysis of mussel by-
product (shells) with forestry residues. In Canada, 23 kt blue mussels worth 34 mil-
lion USD were farmed in 2015 [47]. Once the meat is removed, the shells represent
30-50 wt% of the harvested material [48,49]. In Newfoundland, MS are disposed of in
landfills, wasting a valuable by-product and incurring costs [9,30]. MS consist of
95-99 wt% mineral phase (mainly CaCO3 >90%) and 1-5 wt% organic matrix com-
posed of B-chitin fibrils in silk fibroin-like proteins that determine crystallization struc-
ture and counteract calcite brittleness [30,49-53]. Since the anhydrous CaCOs3 poly-

morphs contain little to no water, they would not directly contribute to the water content
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of FPBO [54,55]. Calcium oxide can be produced along with carbon dioxide via calci-
nation (> 700 °C) of CaCOs3 containing shells such as MS [50]. Zhang et al. investigate
the decarboxylation (DCO) of FPBO, produced from rice husk in a fluidized bed reactor
at 500 °C, with CaCOs [56]. Calcium oxide has been investigated as a co-pyrolysis ad-
ditive, successfully improving the pyrolysis oil quality, reducing acid content and in-

creasing FPBO stability [20,44,45,57-59].

Response surface methodology (RSM) was used to determine the impact of tempera-
ture, nitrogen flow (i.e. vapour residence time), softwood-to-MS ratio, and operational
mode on the properties of oil and char from the co-pyrolysis of MS and forestry resi-
dues. Produced oils are analyzed for physical, chemical, and thermal properties, and

fuel quality.
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4.3 Materials and methods

4.3.1 DoE factors and levels

Factors that influence the yield and properties of the pyrolysis products are temperature,
moisture and ash content of softwood and additive, particle size and shape of softwood
and additive, total sample mass, solid and vapour residence times, age of softwood and
additive, and type of reactor and condenser system [60—63]. The four main factors
selected for this study were temperature (400-525 °C), nitrogen flow rate (50-

300 mL/min), softwood-to-MS ratio (0-50 wt% additive), and operational mode (in-situ
vs. ex-situ). This temperature range was selected to maximize the oil yield based on pre-
vious experiments and literature [12,64]. To avoid damage to the pyrolysis reactor (Fig-

ure 4-1) and glassware, the reaction temperature was limited to 525 °C.
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Figure 4-1: Fixed bed tube furnace reactor and condenser system set-up
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For very low nitrogen flow rate (high residence time of pyrolysis vapours) secondary
cracking reactions occur reducing the oil yield and increasing the char yield and water
content of the oil; while for very high nitrogen flow rates, the vapours are swept out of
the condenser system prior to condensation resulting in lower oil yield [12,64]. The re-
action and solid residence time are covariates/concomitant variables. They can be meas-
ured/calculated, but they can not be changed [65]. The solid residence time was varied
from 3.0-4.5 min. The vapour residence time is a function of the reaction temperature
(higher temperatures leading to shorter reaction times) and nitrogen flow rate (higher
flow rates leading to shorter reaction time). The vapours are condensed in a Liebig con-
denser at room temperature, collected oil cooled in an ice-water-bath followed by a lig-
uid nitrogen trap [64,66]. The nitrogen flow rate is measured at the exit of the liquid ni-

trogen trap at atmospheric pressure [64].

The range of softwood-to-MS ratios was selected based on preliminary experiments,
and in-situ and ex-situ mode are compared to draw conclusions on the effect of MS on
the pyrolysis reactions for pyrolysis vapours in/without direct contact with solid wood

biomass (Figure 4-2).
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a) In-situ or co-pyrolysis not to scale
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Figure 4-2: In-situ and ex-situ tube furnace operational modes

Design Expert® software (11.0.6.0) was used to determine the number of experimental
runs (D-optimal design, one block, quadratic model with three lack of fit and three repe-
tition points). The D-optimal design criterion which focuses on precise parameter esti-
mation (maximizes determinant of the X’ X matrix, best estimates effects of the factors
and finds factors important to the process) was chosen over the [-optimal design crite-
rion which focuses on precise prediction (experimental points selected that minimize the
integral of the prediction variance across the design space) [65]. The fraction of design
space (FDS) was larger than 0.8 for a signal-to-noise ratio of 2 and a standard deviation
of 1, indicating a good design (Figure 4-3). Moreover, the design produced a relatively
flat surface on the standard error plots, and therefore, this design and combination of

factors will be suitable to describe the experimental region.
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Figure 4-3: Fraction of design space (FDS) is larger than 0.8 for a signal-to-noise ratio

of 2 and a standard deviation of 1 indicating a good design

Based on the ANOV A results, the factors temperature (A), nitrogen flow rate (B),
amount of MS additive (C), and operational mode (D), as well as their 2 factor interac-
tions (2FI), and quadratic effects were included in the model if the p-value was < 0.05
or between 0.05 and 0.1. To ensure hierarchy of the model factors with p-values > 0.1
were included in the model if their 2FI or quadratic effect were significant. The
following three model selection criterions were applied: p-values (significance level

< 5% to max. 10% with forward selection direction), Akaike information criterion
(AICc, forward selection direction), and adjusted R?. Significance of each model is de-
fined as p-value < 0.05, F-value as ‘adequately large’, adjusted R? and predicted R?
close to 1 with a difference between the two of < 0.2, the adequate precision coefficients
as a measure for the signal-to-noise ratio (> 4), and a graphical comparison of predicted

and actual values.
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The responses used to compare factors are the yield of liquid, char, and gas in wt% as
well as oil and char properties. Oil yield is calculated as the mass of oil collected over
the mass of softwood used; char yield is the weight of the sample boat after pyrolysis
minus the weight of the empty boat including quartz wool and weight of the MS (prior
to pyrolysis) over the mass of softwood used; the gas yield is calculated by difference.
The yields are calculated based on the softwood mass, not total biomass (softwood and
MS), to allow for comparison between in- and ex-situ runs with different MS loadings,
and for comparison to literature. Differences between duplicated DoE runs were

0.1-3.2 wt% for oil yields, 0.1-0.9 wt% for char yields, and 0.8-4.1 wt% for gas yields.

4.3.2 Materials and sample preparation

A mixture of Newfoundland pine and spruce softwood shavings supplied by Sexton
Lumber Co Sawmill, Bloomfield NL Canada, was ground to < 2 mm in a cutting mill
for use in the tube furnace reactor [64]. The MS were treated with enzymes to remove
any residual organics [67]. Shells were then ground to a powder in a ball mixer mill for
8 min with two % in stainless steel balls. After grinding, the wood and additive were
dried at 75 °C for at least 2 hours, cooled to room temperature, and stored in airtight
containers. The moisture content of the MS was < 0.1 wt%, while the moisture content
of the wood was 0.4-2.0 wt% (Mettler Toledo Compact Halogen Moisture Analyzer
HB34-S at 105 °C). For in-situ operation, the softwood was mixed with ground MS, and
the ends of the sample boat were closed with plugs of very loose quartz wool to avoid

material loss. For ex-situ mode, the MS powder was mixed into the quartz wool at the
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end of the sample boat to allow for pyrolysis vapour to pass through the MS (Figure 4-2

and Figure 4-4).

Figure 4-4: In-situ (left) and ex-situ (right) sample boats before (top) and after (bottom)
pyrolysis

Loaded sample boats were dried at 75 °C for 2 hours just prior to pyrolysis. The total
mass of wood per sample tube/boat was 2.0 g. The estimated weighing and handling er-
rors were below 3 wt% for softwood and between 5-13 wt% MS (due to loss during
handling). The median particle size determined via sieve analysis was 750 um for soft-
wood and 70 pm for MS. Other feedstock properties are analyzed analogously to the bi-
ochar [68]. The HHV of softwood was determined to be 19.51 + 0.48 MJ/kg (triplicate
measurement); MS does not combust. Carbon varied from 47.7-56.8 wt%, hydrogen
from 4.7-5.8 wt%, nitrogen from 0.0-1.1 wt%, and oxygen between 37.1-46.6 wt%
[69,70] for the softwood. For MS carbon was 12.9 wt%, nitrogen was 0.5 wt%, oxygen
was 51.2 wt%, and calcium content was 35.3 wt%. The moisture content (< 150 °C),
volatile matter (150-600 °C), fixed carbon and CO- content (600-800 °C), and ash and
CaO content (> 800 °C) were 1.8, 84.8, 12.6, and 0.8 wt% for softwood and 0.4, 3.5,

42.0, and 54.1 wt% for MS, respectively.
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4.3.3 Oil analyses

The oil was evaluated using water content, high heating value in MJ/kg (HHV), total
acid number (TAN) (mgNaOH/gOil), elemental analysis (wt%), thermogravimetric
analysis (TGA), and GC-FID. Density was estimated in duplicate by pipetting with a

1 mL automatic pipette and weighing on an analytical scale. Water content (free water
and water of hydration) was determined in duplicate via Karl Fischer titration [71]. The
difference between duplicates was no more than 1.2 wt%. HHV was determined in du-
plicate via ASTM D240 using a Parr B41 calorimeter with 1108 Oxygen Bomb and
Model 6775 Digital Thermometer. The 95% confidence interval was determined to be
+ 0.5 MJ/kg for one triplicate analysis. The TAN was analyzed according to ASTM
D663 as suggested in [72] modified to use 20 mL methanol (99.9% purity) as a solvent
for a 3 g FPBO sample with 0.1 M NaOH titrant. There were no duplicates due to sam-
ple volume requirements. Differences between TAN of oils produced under the same
conditions (DoE runs 16 and 20, 2 and 11, and 6 and 9) were 0.2-1.9 mgNaOH/gOil. A
VWR SympHony B10P pH meter with an 89231-604 electrode was used to measure pH
in accordance with ASTM E70, and measurements were carried out in duplicate with an

estimated error of 0.3.

The FPBO samples were analyzed for elemental composition of carbon, hydrogen, ni-
trogen, and oxygen (by difference) (C/H/N(O)) at the University of Alberta for samples
fromrun 1, 3, 6, 8, 12, 13, 14, and 15. The 95% confidence interval error of the tripli-

cate analysis of Cwet ranged from 0.5-3.0 wt%, Hwet was 0.1-1.0 wt%, and Nwet was



Chapter 4 — Co-pyrolysis of softwood with waste mussel shells: Part 1 liquid analysis 83

0.01-0.06 wt%. The C/H/N(O) content of the dry oil is calculated by subtracting the

amount of C/H/N(O) from the water in the oil. For C (and N):

thole oil
Ci = 4.1
ary 1 — Water content ¢
For H:
Hyhote it — 0.11 * Water content
H = 4.2
dry 1 — Water content “.2)
And for O:

Owhote 0it — 0.89 * Water content 43)

Oary = 1 — Water content

TGA and ash content analysis are carried out with a TGA Q500 (TA Instruments) oper-
ated according to ASTM E1131. An FPBO sample of 10-20 mg is heated at 20 °C/min
to 600 °C under nitrogen (50 mL/min) atmosphere on a platinum pan. At 600 °C, the
carrier gas is switched over to oxygen (50 mL/min), and the heat ramp continues to a
maximum of 800 °C. The mass loss is recorded in the groups: highly volatile matter
(<200 °C), medium volatile matter (200-600 °C), combustible material (600-650 °C),
and ash (> 650 °C). In ASTM E1131, 750 °C is suggested to determine the ash content.
However, the metals in the ash oxidize with increasing temperature resulting in an
increase in ash weight. Therefore, 650 °C is chosen to determine ash content in this
work. Differences between five random duplicates of the same oils ranged from
2.2-5.4 wt% for highly volatiles, 1.1-3.9 wt% for medium volatiles, 0.2-2.0 wt% for
combustibles, and 0.04-0.08 wt% for ash content. The FPBO samples are analyzed via

GC-FID as outlined in [73] with an integration limit of 2x10° area%. Glycolaldehyde,

acetic acid, acetol, guaiacol, 4-methyl-guaiacol, syringol, and levoglucosan amounts
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were further analyzed using Design Expert®. The standard deviation between oils pro-
duced under the same conditions (DoE runs 16 and 20, 2 and 11, and 6 and 9) averaged
0.33 £0.13 area%, and the triplicate analysis of a single oil resulted in a 95% confi-

dence interval of + 0.5 area% with a relative error < 10%.
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4.4 Results and discussion

The ANOVA results and model equations are given in Appendix D.

4.4.1 Pyrolysis yields

The liquid yield from the pyrolysis of pure MS varied from 4.0-6.6 wt%, char yield
from 94.7-95.9 wt%, while gas yield was negligible at 500 °C and 50 mL/min N> flow.
The MS content of the char was omitted from the yield calculations for comparison of
char yield between in- and ex-situ. The gas yield was determined by difference (Table
4-1). In general, the oil yield increased with temperature. The RSM analyses give a bet-
ter indication of trends and interactions between parameters and are outlined for each

response studied below.
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Table 4-1: Oil, char, and gas yield (in wt% of wood biomass) for each run sorted by re-

actor temperature, amount of mussel shell additive, and operational mode

Oil Temp N:flow Mussel Mode Oil yield Char yield Gas yield
°C mL/min  wt% in/ex-situ  |Wt% wt % wt %
10 400 156 0 in 52.6 31.6 15.8
16 400 300 0 ex 50.4 28.9 20.6
20 400 300 0 ex 53.6 29.8 16.5
2 400 50 25 ex 51.9 29.8 18.3
11 400 50 25 ex 52.0 30.5 17.5
5 400 300 50 in 47.0 28.8 24.2
15 400 50 50 in 50.0 30.7 19.3
18 428 186 50 ex 57.1 22.4 20.5
17 439 283 10 in 52.3 25.5 22.2
4 456 50 0 ex 61.4 22.3 16.3
8 466 260 25 ex 48.9 24.0 27.1
13 467 50 25 in 62.1 24.2 13.7
7 473 300 50 in 494 22.8 27.7
12 525 50 0 in 62.4 21.5 16.1
19 525 300 0 in 57.4 21.2 21.4
14 525 186 10 ex 53.4 21.9 24.7
3 525 195 50 in 49.8 18.4 31.8
1 525 300 50 ex 50.3 15.5 34.2
6 525 50 50 ex 61.9 17.5 20.6
9 525 50 50 ex 64.3 17.6 18.2

A reduced 2-factor interaction (2FI) model was found to be a good fit for the oil yield
data by ANOVA (Appendix D.I). Temperature (A), nitrogen flow rate (B), and the inter-
action of temperature and nitrogen flow rate (AB) were the only significant factors. The
yield of oil can be calculated for this system with factors normalized linearly from -1 to
+1 as:

Yield of oil (Wwt%) =544+ 245A—-3.64B—244AB 4.4)
With temperature (A) normalized from 400 °C (-1) to 525 °C (+1), and nitrogen flow

rate (B) from 50 mL/min (-1) to 300 mL/min (+1). Oil yield was highest (62.9 wt%) for
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high temperature (525 °C) and low nitrogen flow rate (50 mL/min). Oil yield increased
with temperature until 475 °C at which point it plateaued. Higher temperatures favour
gas production [17] (Figure 4-5). At high nitrogen flow rates (300 mL/min) the yield of
oil was low (50.7 wt%) and increasing temperature from 400 to 525 °C did not impact
the oil yield compared to a 10 wt% increase from 53.1 to 62.9 wt% with temperature at
50 ml/min flow rate. This was due to the shorter reaction time the vapours had in the re-
actor/condenser at high flow rates and the sweeping of vapours out of the system prior
to condensation [64] (Figure 4-6). At low temperatures, the vapour production was lim-
ited, and the impact of nitrogen flow rate was small, however, at 525 °C increasing the
flow from 50 to 300 mL/min decreased the gas yield by 20%. This is reflected in equa-

tion 4.4) and Figure 4-5 and Figure 4-6.

Based on RSM, the effect of temperature, and amount of MS additive on the yield of
char was non-linear. The yield of char can be calculated for this system with factors
normalized linearly from -1 to +1:

Yield of char (wt%)
=241—-498A4—1.07C —1.00 D + 2.34 A? 4.5)
—2.17 C?

With MS additive (C) normalized from 0 wt% (-1) to 50 wt% (+1), and operational
mode (D) normalized as in-situ (-1) and ex-situ (+1). The char yield was highest (in-
situ: 29.2-32.6 wt%; ex-situ: 27.2-30.6 wt%) for low temperature (400 °C) consistent
with literature [17] (Figure 4-5). The effect of MS was less pronounced compared to
temperature. At constant MS content and mode, increasing the temperature from 400 to

525 °C increased the char yield by 10 wt%. At constant temperatures, 20 wt% MS gave
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highest char yields, MS amounts higher or lower than this value decreased the char
yield by up to 6% at 0 wt% MS and up to 17% at 50 wt% MS. Ex-situ, the fixed carbon
content of the char reached a minimum at 20-25 wt% MS, while moisture, volatile, and
ash content increased with MS addition. Acetic acid content in the oil was lowest when
char yield was highest (low temperature and nitrogen flow rates at 20-25 wt% MS). In-
creased effects at high temperature and nitrogen flow rate support the theory of reac-
tions occurring in the presence of MS. The maximum in char yield and minimum in
acetic acid yield at 20-25 wt% MS could be due to the overlapping of secondary keton-
ization [56] and cracking reactions [64,74]. With 20-25 wt% MS ketonization reactions
transform acetic acids into ketones; while at higher MS addition, secondary cracking re-
actions dominate, causing the increased reaction of pyrolysis vapour to char, water, and
NCG. The dependence of char yield on temperature and amount of MS followed the
same trend in- and ex-situ with in-situ values being higher by 2.0 wt%. Because the MS
or operational mode did not affect the yield of oil, trapping of vapours could be ruled
out. The increased char yield in-situ was potentially due to slightly increased vapour
residence times and direct contact of vapours with the MS, leading to secondary reac-
tions, and therefore, increased biochar, water (in oil and char), and NCG formation

[64,74-76].

The yield of gas with normalized factors is:

Yield of gas (Wt%)

(4.6)
=214+235A+4.04B+282C+189AB

The dependence of gas yield on temperature and nitrogen flow rate followed the same

trend for all MS loadings. However, the gas yield for 25 wt% and 50 wt% MS was
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2-3 wt% and 5-6 wt% higher compared to 0 wt% MS. The increased yield of gas with
MS points towards secondary pyrolysis vapours reactions in both operational modes.
The high gas yield and low oil yield at high nitrogen flow rates are due to incomplete
condensation of pyrolysis vapours for high nitrogen flow rates [64] (Figure 4-6). Figure
4-5 shows the effect of temperature on the oil, water, char, and gas yield, while Figure

4-6 shows the effect of nitrogen content on the yields.
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Figure 4-5: Oil, water, char, and gas yield in wt% as a function of temperature at

50 mL/min nitrogen flow rate, and 50 wt% mussel shell additive
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Figure 4-6: Oil, water, char, and gas yield in wt% as a function of nitrogen flow rate at

525 °C, and 50 wt% mussel shell additive

4.4.2 Oil properties

The physical oil properties investigated are outlined in Appendix D.2.

4.4.2.1 Water content

The normalized model is:

Water content (wt%)
=33.8—-0.700A+0.562B +522C+1.27AC 4.7

+1.67 B C + 1.43 A?

Without MS additive, the water content ranged from (26.7-33.0 wt%). For constant ni-
trogen flow rates, the water content decreased by 12% with temperature increase from
400 to 525 °C. The impact of nitrogen flow rate at constant temperature was small (7%

decrease) with increasing flow from 50 to 300 mL/min. When MS was added, the water
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content increased to 33.1-36.5 wt% at 25 wt% MS, and to 36.7-43.2 wt% at 50 wt%
MS. At 400 °C and 50 wt% MS the water content increased by 14-37% depending on
flowrate compared to 0 wt% MS, while at 525 °C there was a 33-61% increase in water
content at 50 wt% MS. At 50 wt% MS, the increase of water content with temperature
over the studied range was negligible (3%) while increasing the nitrogen flow at con-
stant temperatures resulted in a 12% increase in water content. These effects suggest de-
hydration (deoxygenation) reactions favoured by MS addition in both operational

modes, particularly at high temperatures and nitrogen flow rates.

4.4.2.2 HHV

The normalized model for the HHV is:

HHV (M]/kg)
=14.8+0.280 A — 0.336 B — 0.834C — 0.148D (4.8)
—0.167AC —0.157 AD — 0.392 B C — 0.327 A?

In the absence of MS, nitrogen flow rate had no significant impact on HHV. The highest
HHYV occurred at 490-520 °C (15.4-16.1 MJ/kg), a 4-8% increase from 400 °C. At

50 wt% MS content, the effect of temperature was small (< 4% increase). However, in-
creasing the nitrogen flow rate at constant temperatures resulted in a 10% decrease in
HHYV for 50 wt% MS. Regardless of operational mode and at constant temperatures, ad-
dition of 50 wt% MS reduced the HHV by 4-8% at 50 mL/min flow rate and by 14-18%
at 300 mL/min, due to the increased water content resulting from dehydration reaction
favoured by MS. HHYV results have to be evaluated in combination with the water con-

tent to estimate the net heat of combustion.
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4.4.2.3 HHYV water-free oil

The HHV of the water-free oil was calculated as HHV of the wet oil over one minus
water content. Through the correction of water content, this value allows for an estima-
tion of the extent of deoxygenation reactions, including dehydration. The HHV of the
water-free oil with normalized factors is:

HHV water-free oil (M] /kg)
=224+0.264A—-0.299B +0.418C 4.9)
—0.0388D —0.179C D

Regardless of MS content, increasing the temperature from 400 to 525 °C, with other
factors constant, increased the HHV of the water-free oil by 2-3 %. Increasing the flow
rate decreased HHV of the water-free oil by 2-3 %. At constant temperatures and flow
rates, addition of 50 wt% MS increased the HHV of the water-free oil by 5% to up to
23.6 MJ/kg% in-situ compared to 2% to up to 23.1 MJ/kg% ex-situ. Though the
addition of MS increased water content, the HHV of the water-free oil increased as
well. This points at MS modifying the reactions pathways to deoxygenation through de-
hydration increasing the HHV of the water-free oil [77]. This effect was more pro-

nounced in-situ due to direct contact of softwood, pyrolysis vapours, and MS.

4.4.2.4 TAN

FPBO contains 3-6 wt% weak, volatile, carboxylic acids [72]. Of the total acids in
FPBO 60-70% are volatile acids, 5-10% are phenolic acids, < 5% are fatty and resin

acids, and 20% are hydroxy acids [72]. The normalized model for the TAN of the oil is:
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TAN (mgNaOH /gO0il)
=614—-361A+208B—-746C+ 138D (4.10)
+2.64 CD +3.67 C*

Without MS and at a constant nitrogen flow, the TAN decreased by 10% from 73-75 to
66-68 mgNaOH/gOil as the temperature increased from 400 to 525 °C. The impact of
the nitrogen flow rate was lower compared to temperature with a 6% increase in TAN
as flow rate increased from 50 to 300 mL/min (other factors constant). The trends of the
impact of temperature and nitrogen flow rate on the TAN were negligible with MS ad-
dition. However, addition of MS in-situ decrease TAN to a great degree compared to
ex-situ. Comparing the TAN at the same temperature and nitrogen flow rate, addition of
50 wt% MS decreased TAN by 25-30% in-situ and by 13-17% ex-situ to a minimum of
47.9 and 55.5 mgNaOH/gOil. This indicates a larger reduction of acids with direct con-
tact of the wood with the MS demonstrated in the increased HHV of the water-free oil
under the same conditions. Since the oxygen content correlates with TAN [72], de-
creased TAN points towards deoxygenation reactions as well as increased HHV of wa-

ter-free oil.

44.2.5 pH

The pH of the oil with normalized factors is:

pH = 2.38 + 0.0640 A + 0.493 C — 0.214 C? 4.11)

The pH increased with the addition of MS both in- and ex-situ. The effect of increasing
the temperature from 400 to 525 °C on the pH was negligibly small (5-10% increase in
pH), compared to the effect of MS (60% increase in pH at 50 wt% MS). The pH was

highest for 525 °C, and 50 wt% MS (2.7) and lowest at 400 °C and 0 wt% additive
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(1.6). The results aligned with TAN and acidity of the oil was improved by the addition
of MS at high reactor temperatures. The pH was measured to compare with TAN; how-

ever, TAN represents the acid content of FPBO more accurately [72].

4.4.2.6 Density

Temperature and operational mode did not impact density significantly. If no MS was
present, the density was highest (1.17-1.20 kg/dm3). As the density is a function of wa-
ter content [61], the density was lowest (1.14-1.16 kg/dm3) for high amounts of MS

(> 25 wt%). The influence of the nitrogen flow rate on the density was negligible com-

pared to the effect of MS (2.5-4.5% decrease in density).

4.4.277 C/H/N(O)

C/H/N(O) of the dry oil are given in Table 4-2. There was no sulphur in any of the oils.
Oils produced in runs 1, 3, 6, 8, 12, 13, 14, and 15 were analyzed, and therefore, only a
linear model could be developed. The model F-value for Cary, Hary, and Ouary of 0.41,
1.25, and 0.42, respectively implies that the model is not significant relative to noise, no

RSM could be developed.
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Table 4-2: C/H/N(O) content of the dry oil for runs 1, 3, 6, 8, 12, 13, 14, and 15
Oil Temp. N:2flow Mussel Mode Cary Hary Ndry Oadry

°C mL/min  wt% infex-situ  wWt% wt%  wt% wt%

15 400 50 50 in-situ 56.3 6.5 0.66 36.6
8 466 260 25 ex-situ 55.2 6.5 0.49 37.8
13 467 50 25 in-situ 58.9 6.3 0.32 34.5
12 525 50 0 in-situ 55.3 6.4 <0.3 38.3
14 525 186 10 ex-situ 59.0 6.3 <0.3 34.7
3 525 195 50 in-situ 62.7 6.2 1.09 30.1
1 525 300 50 ex-situ 49.3 6.4 0.93 43.4
6 525 50 50 ex-situ 62.5 6.2 0.86 30.4

The carbon, hydrogen, nitrogen, and oxygen content for the softwood feedstock were

47.7-56.8, 4.7-5.8 wt%, 0.0-1.1, and 37.1-46.6 wt% [69,70]. The carbon and hydrogen

content increased compared to the feedstock while the oxygen decreased. The hydrogen

content ranged from 6.2-6.5 wt% and decreased slightly with increasing pyrolysis tem-

perature. The carbon content of the oil ranged from 55.2-62.7 wt% and increased with

increasing temperature and MS wt%. A high carbon content of the oil reduced the car-

bon to oxygen ratio, and therefore, equates to low oxygen content. At 525 °C, the oxy-

gen content of the dry oil was reduced from 38 wt% with no MS to 30 wt% with

50 wt% MS.

The experiment at 525 °C, 300 mL/min nitrogen flow rate, and 50 wt% MS ex-situ

showed low oil (50.3 wt%) and char (15.5 wt%) and high gas yield (34.2 wt%). The oil

was low in acidity (TAN 58.3 mgNaOH/gOil and pH 2.7). However, acetic acid

(15.8 area%), and acetol (17.7 area%) concentrations were high with high boiling point

compounds, such as guaiacols, phenols, and syringols low compared to oils produced at

lower temperatures, flow rates, or MS wt% (see Section 4.4.2.9). Low carbon
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(49.3 wt%) and high oxygen content (43.4 wt%) of this oil align with the observed high
concentration of low boiling point components and high gas yield which can be at-
tributed to the high nitrogen flow rate and incomplete condensation, as well as increased
cracking reactions at high temperatures. The high water and oxygen content can be due
to cracking reactions of high molecular weight pyrolysis vapour compounds to low mo-
lecular weight compounds (e.g. NCG, water, acetic acid, acetol) due to the MS at high

reaction temperatures.

The nitrogen content of the dry oil with normalized factors is:

Nary (Wt%) = 0.396 + 0.144 A + 0.411 C (4.12)

Not surprisingly given the residual protein material left in shells, the Nqry increased with
the amount of MS and temperature from 0.0 wt% at 400 °C and 0 wt% MS to 0.95 wt%

at 525 °C and 50 wt% MS.

44.28 TGA

Highly volatile (< 200 °C), medium volatile (200-600 °C), and combustible matter
(600-650 °C), and ash content (> 650 °C) of the FPBO by TGA are given in Appen-
dix D.2. The ash content was below the maximum recommended for grade G FPBO in
ASTM D7544 (0.25 wt%) and ranged from 0.08 to 0.23 wt%. However, no model was

significant relative to noise with respect to ash content.
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The models using normalized factors are outlined below:

Highly volatile matter (wt%)

4.13)
=739-2114A4+246B+2.07C
Medium volatile matter (wt%) 4.14)
=189+09784A—-2.13B—-241C '
1
Combustible matter (Wt%) 4.15)

=0.170 — 0.0202 A — 0.0031 € — 0.00866 D
—0.0300 C*?

The highly volatile matter without MS varied from 67.2-76.4 wt% over the range of
temperatures and flows investigated. Regardless of MS, the impact of temperature

(4 wt% decrease over temperature range) and flow (5 wt% increase over the range of
flows) was constant. When 50 wt% MS were added, a 4 wt% increase in highly vola-
tiles to 71.4-80.5 wt% occurred compared to no MS at constant temperature and flow.
The highly volatile matter correlates well with the water content of the oil. Therefore, it
should be minimized to improve the fuel quality (water content, HHV, and TAN) of the
FPBO while maintaining low enough viscosity to allow for pumping, atomization, and
ignition of the fuel [78]. The medium volatile matter without MS varied from 18.2-
24.4 wt% over the range of temperatures and flows investigated. Regardless of MS, me-
dium volatiles increased by 2 wt% with increasing temperature from 400 to 525 °C and
decreased by 4 wt% with increasing nitrogen flow rate from 50 to 300 mL/min. At

50 wt% MS, medium volatiles decreased by 5 wt% to 13.4-19.6 wt% compared to no
MS (other factors constant). The medium volatile matter is inversely proportional to the
highly volatile matter and water content of the oil. Therefore, high boiling point liquids

(200-600 °C) react to highly volatiles (including water) with low temperature (longer
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reaction times) and addition of MS. High medium volatile matter content is a rough in-
dicator for good FPBO fuel quality because FPBO components with a boiling point

range of 200-600 °C are liquids with high HHV.

High combustible matter indicates that more of the carbon from the biomass ended up
in the oil instead of the char, increasing yields of gas and oil, and lowering yields of
char. It also correlates with high carbon content, and therefore, low oxygen content and
improved FPBO fuel quality. The difference in combustible matter between modes is
negligible but follows the same trend in relation to temperature (1-2 wt% increase in
combustibles with increasing temperature) and amount of MS (minimum at 25 wt% MS
with 1-2 wt% lower combustible matter content compared to 0 and 50 wt% MS). It is
highest at 525 °C, ex-situ, at 0 wt% (8.7 wt%) and 50 wt% (9.2 wt%) MS and lowest

(5.0 wt%) at 400 °C, in-situ, at 25 wt% MS.
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44.29 GC-FID

The integrated peaks of DoE oils 12 and 3 (GC-FID run 2) are shown here to represent
0 and 50 wt% MS (Figure 4-7). GC-FID integration results are given in area % for each

identified component in Appendix D.3 [73].
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Figure 4-7: Comparison of DoE oils 3 and 12 (with and without MS)

Oil 12 showed the highest oxygen content (with exception of oil 1) and low acid and
acetol contents; while oil 3 showed the lowest oxygen content and high acid and acetol

contents.
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4.4.2.10 Glycolaldehyde

Glycolaldehyde has potential use in the food industry and as an intermediate in the re-

newable ethylene glycol production [79,80]. The normalized model is:

1
Glycolaldehyde (Area %)
= 0.579 — 0.0507 A — 0.0456 B + 0.0780 C
—0.0337D + 0.0483 B D — 0.0947 C?

(4.16)

The glycolaldehyde increased with increasing temperature, increasing nitrogen flow
rate, and decreasing amount of MS. The glycolaldehyde content was highest

(3.4 area%) at 525 °C, 300 mL/min, O wt% MS, and in-situ; and lowest (1.3 area%) at
400 °C, 50 mL/min, and 25-50 wt% MS, and in-situ. Increasing nitrogen flow from 50
to 300 mL/min increased the glycolaldehyde by 0.4-1.3 area% (by 30-60%) in-situ but
negligible ex-situ. This requires more investigation as it is clear the contact of the MS
with solid wood and/or vapours is a factor in oil composition and hence application. At
50 mL/min, 0.3-1.0 area% (20-25%) less glycolaldehyde was present in-situ

(1.3-2.1 area%) vs. ex-situ (1.6-3.1 area%). However, there was no difference at

300 ml/min (other factors constant). The glycolaldehyde increase with temperature was
small: up to 0.5 area% (15-25%) increase with > 20 wt% MS addition and up to

0.9 area% (25-35%) increase without MS. Keeping all other factors constant, the addi-

tion of 50 wt% MS decreased the glycolaldehyde by 0.4-1.2 area% (25-35%).

4.4.2.11 Acetic acid

The acetic acid is associated with the TAN, and hence with any deoxygenation that may

be required downstream. The normalized model is:



Chapter 4 — Co-pyrolysis of softwood with waste mussel shells: Part 1 liquid analysis 101

Acetic acid (Area %) ™22
—449%103-585%10*4A—578%10"*B  (4.17)
—385%107°C—297+107*D —7.42+107*C?

Keeping all other factors constant, the acetic acid increased by 0.5-2.5 area% (10-20%)
with temperature increasing from 400 to 525 °C and by 1.2-2.5 area% (10-20%) with
flow rate increased from 50 to 300 mL/min. There was a slight increase of

0.5-1.4 area% (5-10%) ex-situ compared to in-situ. The minimum acetic acid

(9.6-10.1 area%) is associated with the maximum char yield (25 wt% MS, 400 °C and
50 mL/min nitrogen flow rate). For no MS the highest acetic acid was 13.4 area% at
525 °C, 300 mL/min and for MS present at 50 wt% MS ex-situ (14.6 area%) at the same
temperatures and flow rates. The reduction of acetic acid content with MS could be due
to decarboxylation of carboxylic acids to ketones on CaCO3 [56], which is favoured
with the direct contact of wood and pyrolysis vapours with MS in-situ. At 30-50 wt%
MS secondary cracking reactions are likely favoured instead of ketonization reactions
leading to a different deoxygenation pathway: increase in water content due to dehydra-

tion reactions instead of a decrease in acetic acid content due to ketonization.

4.4.2.12 Acetol

Acetol levels were studied as it has been identified as a value-added chemical [81].The
normalized model is:

Acetol (Area %)
=15.1-0.0222A+0.687B +1.42C (4.18)
+0535AC+1.11BC

The highest acetol (18.8 area%) occurred at 525 °C, 300 mL nitrogen flow rate, and

50 wt% MS and the lowest at 525 °C, 300 mL/min nitrogen flow rate, and 0 wt% MS.
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In the absence of MS, the decrease in acetol content with increasing temperature and the
increase with flow rate were small with a 5-10% change over the investigated range
keeping all other factors constant. At constant temperatures, addition of 50 wt% MS in-
creased the acetol by 4-6 area% (30-48%) at 300 mL/min nitrogen flow; this effect was
much smaller (-0.5-1.7 area%) (-3% to +12% increase) at 50 mL/min flow rate. The ef-
fect of the amount of MS and its interaction with nitrogen flow rate dominated all other
effects. The increase in acetol with MS addition could be due to decarboxylation of car-

boxylic acids to ketones on CaCOs [56].

4.4.2.13 Guaiacol

Guaiacol is one of a number of compounds used as a surrogate in the study of the hy-
drodeoxygenation of pyrolysis oil [82]. The normalized model is:

Guaiacol (Area %)
=497 —-0.328A4—-0.0336 B+ 0.0727C
—0.150D —-0.276 AB—-0.163AD +0.159C D
—0.870 4% + 0.407 B?

(4.19)

Little change (< 0.5 area% total, < 5-15% relative change) in guaiacol content occurred

with MS addition for both operational modes. The highest guaiacol content (5.6 area%)

occurred at 450 °C, 300 mL/min nitrogen flow rate, and 0 wt% MS, lowest (3.1 area%)

was at 525 °C, 220 mL/min nitrogen flow rate, and 0 wt% MS. The temperature (A) and
its interaction effect with nitrogen flow rate (AB) dominate all other effects on guaiacol

content. The guaiacol was highest for moderate temperatures (450-475 °C),

0.3-1.0 area% (8-23%) higher compared to 400 °C and 0.8-1.6 area% (17-33%) higher
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compared to 525 °C (keeping all other factors constant). The decrease of guaiacol con-
tent with increasing pyrolysis temperature is well studied [83—85]. At low pyrolysis
temperatures (300-350 °C) cleavage/depolymerization reactions of lignin polymers re-
sult in guaiacol/syringol formation [83]. At higher temperatures (400-450 °C) guaiacol’s
methoxyl groups react (homolysis/rearrangement), and condensation reactions of lignin
degradation products (such as guaiacol) occur with increasing temperatures reducing the

initial guaiacol concentration [83].

4.4.2.14 4-Methyl-guaiacol

The normalized model for the lignin pyrolysis product, 4-methyl-guaiacol, is:

4-Methyl-guaiacol (Area %)
=6.85+0.05254—-0.382B —-0.392AB (4.20)
—0.621 A?

The 4-methyl-guaiacol content of the oil increased for mid-range temperatures and de-
creasing nitrogen flow rates with an interaction effect of temperature and nitrogen flow
rate. At low temperatures, nitrogen flow rate did not impact the 4-methyl-guaiacol con-
tent, while at 525 °C the 4-methyl-guaiacol content decreased by 23% from 7.1 area%
to 5.5 area% with nitrogen flow increase of 50 to 300 mL/min. The 4-methyl-guaiacol
content was highest for 485 °C, and 50 mL/min nitrogen flow rate (7.3 area%), and low-
est for 525 °C, and 300 mL/min nitrogen flow rate (5.5 area%). The decrease in 4-me-
thyl-guaiacol content at temperatures higher 485 °C is due to the same reactions outline

for guaiacol above (Section 4.4.2.13) [85].
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4.4.2.15 Syringol

The syringol content of the oil with coded factors normalized linearly from -1 to +1 is:

Syringol (Area %) = 4.18 — 0.367 B + 0.0801 C — 0.742 C*  (4.21)
The syringol content of the oil decreased by 0.7 area% (16-20%) from 3.7-4.5 area% to

3.0-3.8 area% with increasing flow rate from 50 to 300 mL/min at constant MS content.
The syringol content was highest for 50 mL/min nitrogen flow rate and 26 wt% MS

(4.5 area%) and lowest for 300 mL/min and 0 and 50 wt% MS (3.0-3.1 area%) outlining
the strong non-linear effect of MS (20-30% increase in syringol content at 25 wt% MS
vs. 0 or 50 wt% MS at constant flow rate). As a lignin degradation product, syringol
content should decrease with increasing temperature [83]. However, the temperature is
insignificant in this case. Instead, the syringol follows the trend of char yield and the in-
verse trend of the acetic acid content: syringol production is favoured at long residence
times in the presence of up to 26 wt% MS. At higher MS content, secondary reactions

(cracking/dehydration) are favoured as outlined above (see Section 4.4.1).

4.4.2.16 Levoglucosan

Levoglucosan is the most abundantly produced pyrolytic sugar [86,87] with proposed
applications in pharmaceuticals, food additives, pesticides, surfactants, and polymers
[81]. The normalized model is:

Levoglucosan (Area %)
=3.20—-0.104A4—-0.433 B —-0.492C + 0.228D (4.22)
+ 0286 AB—0.237BD +0.402CD

Regardless of MS content, the levoglucosan increased with decreasing nitrogen flow

rate, decreasing temperature for low nitrogen flow rates, and increasing temperature for
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high nitrogen flow rate (> 200 mL/min). The highest levoglucosan content occurred at
400 °C, 50 mL/min, and 0 wt% MS (4.5 area%) and lowest at 400 °C, 300 mL/min, and
50 wt% MS in-situ (1.7 area%) and ex-situ (2.5 area%). The change in levoglucosan
level through an increase in temperature was < 1.0 area% (-30 to 25% relative change).
At 400 °C the nitrogen flow decreased levoglucosan by 1.0 area% (20-40%) in-situ and
by 1.9 area% (40-50%) ex-situ, while the effect at 525 °C was smaller: no significant
change in-situ and decrease by 0.7 area% (20%) ex-situ. At constant temperatures and
nitrogen flow rates, levoglucosan decreased by 1.8 area% (40-50%) with 50 wt% MS
shell addition in-situ, but no significant change occurred ex-situ. Levoglucosan is the
primary cellulose degradation product [88]. Alkali and alkaline earth metals (esp. Mg
and Ca) catalyze pyranose ring fragmentation [86,89]. Therefore, conclusions can be
drawn that the presence of MS causes ring fragmentation. The decrease of levoglucosan

production with increasing temperature has also been shown by Demirbas [90].

4.5 Conclusions

In this work, mussel shell was investigated as a co-pyrolysis additive to improve the oil
and char properties compared to pyrolysis of neat softwood forestry residues via a de-
signed experiment (DoE). In remote maritime regions, fisheries by-product such as MS
may be an alternative to commercial catalysts. To maximize the oil yield and heating
value of the water-free oil (deoxygenation), the optimum reactor temperature for the
studied system was found to be 500-525 °C with a low sweep gas flow rate. The amount

of mussel shell additive and operational mode did not have a significant impact on the
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oil yield. The highest char yield was observed in-situ at 400 °C, and 20 wt% MS. The

presence of MS increased the NCG yield by 1 wt% per 10 wt% of MS additive.

Addition of MS notably decreased the acidity of the oil measured as pH, TAN, and ace-
tic acid content. This effect was more pronounced in-situ, indicating reduction of acids
due to direct contact of the pyrolysis oil vapours and wood with the MS. High amounts
of MS (50 wt%) at 525 °C and 50 mL/min reduced TAN from 67 to 48-56
mgNaOH/gOil. Decreased TAN, as well as oxygen content of the dry oil (from 38 wt%
at 525 °C and no MS to 30 wt% with 50 wt% MS), indicate deoxygenation reactions.
The non-linear effect of the amount of MS gave a minimum of acetic acid content at

25 wt% MS for both operational modes. The MS increased the water content, decreas-
ing the overall HHV while still producing a one phase oil. However, a small increase in
the HHV of the water-free oil suggests MS favoured deoxygenation reactions through
dehydration in both operational modes which is confirmed by a decrease in oxygen and
increase in water content. For heat and power applications the maixmum amount of MS
additive is 20 wt% to meet the ASTM D7544 standard of maximum 30 wt% water con-
tent. TGA showed that the highly volatile matter is associated with the water content of
the oil. The medium volatiles in the oil were inversely proportional to highly volatiles
and water content of the oil. High medium volatile content indicates good FPBO fuel
quality (high HHV, low water and TAN). High combustible matter in the oil correlates
with high yields of gas and oil, and low yields of char. A maximum of nitrogen in the
dry oil was reached at 525 °C and 50 wt% MS. The nitrogen originates from the organ-

ics (5 wt%) in the MS and can limit fuel applications due to nitrous oxide emissions.
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The addition of MS leads to decarboxylation of carboxylic acids to ketones with
CaCOs. Acetol has a ketone functional group; therefore, acetol increased with MS. Gly-
colaldehyde content in the oil decreased with increasing amount of MS, while acetol
and furfural content increased. Levoglucosan content decreased in-situ only, while guai-
acol content increased ex-situ only with an increased amount of MS. The acetic acid
content reached a minimum, while the syringol content reached a maximum at 25 wt%

MS content.

In conclusion, the addition of MS as a co-pyrolysis additive with softwood successfully
deoxygenated the FPBO through decarboxylation of acids to ketones and dehydration
reactions. Enhancing oil quality with the use of co-pyrolysis additive is a low cost first
upgrading step that can be used for oil production on-site for heat and power application
and as a biorefinery feedstock. Due to reduced oxygen and acid content the stability for
transportation to central processing sites, such as biorefineries, is increased. Co-pyroly-
sis FPBO as a feedstock to biorefineries can reduce cost such as catalyst cost. If co-py-
rolysis additives enhance pyrolysis oil as well as char quality, and if the additives are
incorporated within the char, an additional separation step is not necessary decreasing

operational cost further compared to catalytic upgrading processes.
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Abstract

In this work, fisheries by-product (mussel shells) is co-pyrolyzed with forestry residues
in a fast pyrolysis lab scale reactor to determine impact on biochar quality. The pyroly-
sis temperature, nitrogen flow, and wood-to-mussel shell ratio were varied, and thermal,
physical, and chemical properties of the produced biochars were investigated via re-
sponse surface methodology (RSM). The smaller mussel shell (MS) particles decreased
the surface area by filling the pores in the biochar structure. Biochars containing MS
showed lower heating values, higher alkaline pH values, and higher ash content (due to
formation of CaO from CaCQOs3). Surface analysis showed higher functionality in co-py-
rolyzed biochars, decreased hydrogen and increased nitrogen and oxygen. These surface
properties could potentially improve adsorption of hydrophobic molecules (e.g. VOCs),

acidic gases, and metal ions in aqueous solution compared to forestry biochar.

Keywords: Biochar; co-pyrolysis; mussel shell; response surface methodology; soil

amendment; gas adsorption
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5.1 Highlights

e Mussel shell as co-pyrolysis additive improves liquid and char adsorbent proper-
ties

Co-pyrolysis char is suitable for soil amendment with pH increased to 9

In-situ chars not for combustion due to incombustible mussel shell and high ash
Potential adsorbent for hydrophobic molecules, acidic gases, and metal ions (aq)
Waste products with similar chemical make-up can replace commercial catalysts

5.2 Introduction

Fast pyrolysis, with its short residence times (0.5-5 s) and fast heating rates

(100-1000 °C/min), is used primarily to convert biomass to liquid products for the pro-
duction of a second-generation liquid biofuel [1,2]. However, fast pyrolysis can convert
all of the lignocellulosic material to value-added products, including liquid, non-con-
densable gas, and biochar [3]. Slow pyrolysis biochar has been studied extensively, as
the slow pyrolysis’ long residence times (10 min-hours) and low heating rates

(< 10°C/min) result in char being the primary pyrolysis product [1,4-6]. In fast pyroly-
sis, the biochar is a by-product and typically used as a low-grade solid fuel [3,6,7].
However, fast pyrolysis biochar is attracting more attention in higher value applications
such as soil amendment, adsorbent, and nanocarbon material, among others [4]. The
characteristics of fast pyrolysis biochar from forestry residues are well known, but there
is little study of biochar from fast co-pyrolysis of forestry residues and fishery (by-
)products. In 2016, 171 million tonnes of fisheries products were harvested globally,
with 88% for human consumption, 35-70% of which was waste by-product [8,9]. In
previous work, we studied the co-pyrolysis of forestry residues with a mussel pro-

cessing by-product (mussel shells) with the primary purpose of assessing the potential
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impact on the liquid product [10]. In this paper, we investigate the impact on the biochar
characteristics (e.g. surface area, surface functional groups, etc.) on potential applica-

tions.

Fast pyrolysis bio-oil (FPBO) (50-75 wt%) is the main product of fast pyrolysis with
by-products of biochar (yield of 12-20 wt%) and non-condensable gas (NCG)

(13-16 wt%) [6,11-13]. In pyrolysis, the vapours can be upgraded prior to condensation
(ex-situ vapour upgrading), or an additive/catalyst can be in contact with the biomass
during in-situ upgrading (most commonly referred to as catalytic fast pyrolysis) or co-

pyrolysis (combination of different feedstocks) [14].

The bulk of biochar studies from fishery is focussed on slow pyrolysis or gasification,
with some fishery waste and co-pyrolysis work [8,15,16]. Fadhil et al. produced pyroly-
sis oil and activated carbon from de-oiled finfish waste in a fixed-bed laboratory scale
slow pyrolysis reactor at 500 °C [17]. Activated carbon was produced through steam ac-
tivation of the produced biochar [17]. Rowland et al. gasified salmon processing waste

and mixtures of pine wood pellets and salmon waste producing bio-syngas [18].

Abeynaike et al. [19] and Currie et al. [20] partially calcined powdered mussel shells
via slow pyrolysis at 650-800 °C to produce biochar for phosphate removal from
wastewater. Shikhaliyeh et al. studied the transesterification of glycerol and dimethyl
carbonate over fishmeal biochar [21]. Ahmad et al. used mussel shell, cow bone, and
oak biochar as a soil amendment (5 wt%) to reduce lead toxicity [22,23]. High carbon

and nitrogen fish waste (bones, scales, chitin) has been investigated as a feedstock for
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the production of new carbon materials [24-27]. Guo et al. produced a porous three-di-
mensional carbon nano-network for electrocatalysis through two-step slow pyrolysis of
protein-rich fish scale waste [24]. Wang et al. studied slow pyrolysis of fish bones at
800 °C producing an N-doped porous carbon material [25]. Raj et al. produced activated
carbon as an oxygen and nitrogen enriched supercapacitor from squid gladius chitin
[26]. Wallace et al. co-pyrolysed sewage sludge and fish waste at 950 °C, producing bi-
ochar with enhanced H>S adsorption properties [28]. Wang et al. studied the fast pyroly-
sis of Enteromorpha clathrate sea-weed bio-coke with rice husk volatiles (ex-situ) in a
fixed bed, laboratory scale, tube furnace reactor at 550 °C increasing the adsorption ca-
pacity of the bio-coke [29]. Mineral composites such as montmorillonite and iron have
been successfully added to biochar to improve its adsorbent capacities for anionic pollu-

tants such as nitrates and phosphate, respectively [30,31].

In this work, we are studying the co-pyrolysis biochar product of forestry residues and
mussel shells (MS), which contain high levels of calcium carbonate (CaCO3) [32]. In
Canada, 23 kt blue mussels (Figure 2-1) worth 34 million USD were farmed in 2015
[33]. Once the meat is removed, the shells represent 30-50 wt% of the harvested mate-

rial and are often disposed of in landfills [9,19,32,34].

MS consist of 95-99 wt% mineral phase (mainly CaCO3 >90%) and 1-5 wt% organic
matrix composed of B-chitin fibrils in silk fibroin-like proteins that determine
crystallization structure and counteract calcite brittleness [19,32,35-37]. Since the anhy-

drous CaCOs3 polymorphs contain little to no water, they would not directly contribute
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to the water in FPBO or char [38,39]. At temperatures above 700 °C, CaCOs3 forms cal-

cium oxide (lime, CaO) and carbon dioxide (CO») [32,40].

There has been limited study of this type of material in pyrolysis, e.g. [41]. In our study,
a design of experiment (DoE) approach was used to assess the impact on the biochar
when MS (cleaned with enzymes [34]) were co-pyrolyzed with forestry residues. The
impact of temperature (400-525 °C), nitrogen flow (50-300 mL/min), amount of MS ad-
ditive (0-50 wt%), and operational mode (in- or ex-situ) was studied using response sur-

face methodology (RSM).

5.3 Materials and methods

5.3.1 Statistical methods

Design Expert® software (11.0.6.0) was used to determine the number of experimental
runs (D-optimal design, one block, quadratic model with three lack of fit and three repe-
tition points). Based on the analysis of variance (ANOVA) results, the factors tempera-
ture (A), nitrogen flow (B), amount of MS additive (C), and operational mode (D), as
well as their 2 factor interactions (2FI), and quadratic effects were included in the model
if the p-value was < 0.05 or between 0.05 and 0.1. To ensure hierarchy of the model fac-
tors with p-values > 0.1 were included in the model if their 2FI or quadratic effect were
significant. The following three model selection criterions were applied: p-values (sig-
nificance level < 5% to max. 10% with forward selection direction), Akaike information

criterion (AICc, forward selection direction), and adjusted R?. Significance of each
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model is defined as p-value < 0.05, F-value as ‘adequately large’, adjusted R? and pre-
dicted R? close to 1 with a difference between the two of < 0.2, the adequate precision
coefficients as a measure for the signal-to-noise ratio (> 4), and a graphical comparison

of predicted and actual values.

5.3.2 Experimental methods

A mixture of Newfoundland pine and spruce softwood shavings supplied by Sexton
Lumber Co Sawmill, Bloomfield NL Canada, was ground to < 2 mm in a cutting mill,
to be comparable to industrial-scale applications, for use in the tube furnace reactor
[10,42]. The MS were treated with enzymes to remove any residual organics to allow
for transportation and reduce nitrogen in the liquid FPBO product [10,43]. Shells were
then ground to a powder in a ball mixer mill for 8 min with two % in stainless steel
balls. After grinding, the wood and MS additive were dried at 75 °C for at least 2 hours,
cooled to room temperature, and stored in airtight containers. The feedstock was ana-
lyzed for moisture with a Mettler Toledo Compact Halogen Moisture Analyzer HB34-S
at 105 °C. Particle size distribution was determined via sieve analysis (RRSB distribu-
tion). The feedstock (softwood and MS) and biochars, were analyzed with scanning
elector microscopy (SEM), Fourier-transform infrared spectroscopy (FTIR), (Brunauer-
Emmett-Teller) BET surface area, elemental C/H/N(O) and thermogravimetric analysis
(TGA), high heating value (HHV), pH, and bulk density. Biochar was ground with mor-
tar and pestle in four portions of 1.9 g for 60 sec each to be used for all analyses. BET
surface area of the biochars was measured and viewed via SEM as described in [44].

Standard deviation of BET duplicate runs ranged from 0.02 to 1.84 m*/g. FTIR of the
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biochar samples was carried out at the Cape Breton University, as described in [44]. For
SEM and FTIR analysis chars were labelled as ‘Char <DoE run no.>: <temperature in
°C >-<nitrogen flow in mL/min>-<MS additive in wt% of total biomass feed>-<opera-
tional mode with ‘i’ for in-situ and ‘e’ for ex-situ>, e.g. char 1 was labelled as ‘Char 1:
525-300-50-¢’. Calcium content of the MS was determined via inductively coupled
plasma mass spectrometry (ICP-MS). Biochar samples were analyzed for carbon, hy-
drogen, nitrogen, and oxygen (by difference) (C/H/N(O)) at the Ocean Science Centre
(Newfoundland, Canada). Samples were weighed using a Mettler Toledo UMT 2 bal-
ance into tin capsules (Isomass, Calgary, AB), folded to ensure no loss of sample and
placed into a 96 well plate. The plate was stored in a desiccator until the samples could
be run on the Perkin Elmer 2400 Series II CHNS/O analyzer. The CHN was calibrated
before the run using acetanilide (Isomass, Calgary, AB) and a standard was run after
every 10 samples. To determine O;,;4; by difference the percentage of inorganic miner-
als (mostly Ca) in char Ca;,tq; = Capmysser 1S determine by multiplying the amount of
MS in char by the weight % of Ca in MS (35.3 wt%). The amount of MS in the char is

calculated as:

m
mussel in char (wt%) = missel (5.1)

Ychar * Myood + Mpussel

Where m, ;551 1S the mass of MS in the feed, y.j 4, is the char yield as wt% of soft-
wood feed, and m,,,,4 1s the mass of the softwood feed. Therefore:

Camusser in char (Wt%) = mussel in char * 0.353 (5.2)

It is assumed H and N content in MS are negligible compared to the softwood. The total

oxygen in the char (oxygen in wood char and MS) is calculated by difference:
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Ototar = 100 — Ciotai — Hiotar — Nrotar — Cliotal (5.3)
The differences between duplicate DoE runs 16 and 20, 2 and 11, and 6 and 9 are

0.3-4.3 wt%, 0.3-0.8 wt%, 0.0-0.1 wt%, and 0.1-4.5 wt% for C, H, N, and O. In the
TGA analyses (TGA Q500 TA Instruments) a 10-20 mg biochar sample is heated at

15 °C/min to 800 °C under nitrogen (50 mL/min) atmosphere. At 800 °C the carrier gas
is switched over to air (50 mL/min) and the temperature is held for 15 min to combust
the remaining carbon. The mass loss is recorded as four groups: moisture (< 150 °C),
volatile matter (150-600 °C), fixed carbon (and CO, 600-800 °C), and ash (including
Ca0, > 800 °C). One of the samples was analyzed in triplicate to estimate the error as
95% confidence interval. The errors were + 0.3 wt%, + 6.4 wt%, + 6.1 wt%, and

+ 0.1 wt% for moisture, volatile matter, fixed carbon, and ash, respectively.

HHYV is the energy released per unit mass or per unit volume of fuel after complete
combustion [45]. The HHV of the solids was determined in duplicate, analogous to the
HHYV of the FPBO as outline in previous work. However, the sample size was reduced
to 0.13 g, and two drops of water were added into the gelatine capsule to aid complete
combustion. HHV was analyzed in duplicate with additional measurements if the results
varied more than 1.5 MJ/kg. by triplicate analysis. The pH of the biochars was
determined by mixing 1 g of char with 20 g of distilled water in a 50 ml beaker for

30 min using a magnetic stir bar and plate. A calibrated (at pH 7 and 10) VWR
SympHony B10P pH meter with 89231-604 electrode was used, and measurements
were carried out in duplicate with an estimated error of 0.3. The initial bulk density

Pb(initiar) Of the biochars was estimated by loosely filling 15 ml of char into a glass vial
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and scrapping of the excess, loosely following ASTM 6683 Section 8.6. Compression
by tapping the jar on a table 20 times increases bulk density by a factor of 1.26 to 1.52.
The error in bulk density measurement was estimated to be + 6.9 kg/m3 from the 95%

confidence interval of a triplicate measurement.

54 Results and discussion

Unless otherwise indicated, the response models, and factors discussed below were sig-
nificant as determined by Design Expert® software (11.0.6.0). Resulting model equa-
tions are summarized in Table 5-1 (normalized factors) and Appendix E.2 (actual fac-

tors).

5.4.1 Feedstock properties

The feedstock was first characterized to assess the impact of pyrolysis on solid proper-
ties. The moisture of the MS was <0.1 wt% and 0.4-2.0 wt% for the wood. The median
particle size was 750 um for softwood and 70 pm for MS. SEM images of softwoods
are well studied [46,47]. SEM images of cleaned MS showing the different CaCO3
polymorphs for the inner (flaky nacreous aragonite) and outer (long string-like prismatic
calcite) layer can be found in [43] and (Figure 5-4a and b). Figure 5-1 shows the FTIR
spectrum for softwood and Figure 5-2 for MS and laboratory grade CaCO3 and CaO for

comparison.
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The three main components of softwood can be seen in Figure 5-1, cellulose (700-

1500 cm™), hemicellulose (1700-2000 cm™), and lignin (1200-1700 cm™). The FTIR of
softwood was dominated by functional groups from oxygenated organics due to the car-
bohydrate structure of cellulose and hemicellulose (Figure 5-1) [48]. The C=0 stretch
from CaCOj3 was in the range of 1500 cm™! for all materials with comparable intensities
(Figure 5-2). The FTIR of MS, pyrolized at 500 °C with 50 mL/min nitrogen flow rate,
resembles the FTIR of CaCO3 more closely compared to the FTIR of MS, potentially
due to the loss of organics during pyrolysis. In particular the peak at 1000 cm™! was re-
duced in pyrolized MS compared to non-pyrolized MS. The MS did not calcinate during
pyrolysis at 500 °C, the C=0 peak at 1250-1600 cm™! is not reduced compared to non-

pyrolyzed MS and CaCOs.

BET surface area of softwood was 5.3 m?/g and of MS was 8.7 m?/g. Carbon, hydrogen,
nitrogen, and oxygen are 47.7-56.8, 4.7-5.8, 0.0-1.1, and 37.1-46.6 wt% [49,50] for
softwood, and 12.9, 0.0, 0.5, and 51.2 wt% for MS. The calcium in the MS was

35.3 wt%. The moisture, volatile matter, fixed carbon/CO,, and ash were 1.8, 84.8,
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12.6, and 0.8 wt% for softwood and 0.4, 3.5, 42.0, and 54.1 wt% for MS, respectively

(Figure 5-3).
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Figure 5-3: TGA of softwood and mussel shell feedstock

Most of the MSS weight loss (95 wt%) occurred at temperatures above 600 °C due to the
calcination of CaCO3 to CaO and CO». The residue at 800 °C (ash) is the remaining
CaO and other trace minerals/elements from the source material. The HHV of softwood
was 19.51 £ 0.48 MJ/kg (triplicate measurement), MS does not combust. The pH was
4.60 £ 0.08 for softwood and 8.64 + 0.11 for MS. The bulk density of loose softwood
and MS was 132.0 and 925.0 kg/m3, respectively while compressed samples were 171.2

and 1347.1 kg/m3.
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5.4.2 Pyrolysis yields

Yields were calculated based on oil and char produced from wood biomass over the ini-
tial wood biomass and corrected for MS content to compare in-situ and ex-situ yields.
Gas yields were calculated by difference. The oil, biochar, and gas yield were fit to
models (Table 5-1) with factors temperature, nitrogen flow, MS loading, and opera-

tional mode by ANOVA.

Both oil and gas yields increased with temperature and were highest at 525 °C with no
MS. The oil yield was highest at 50 mL/min (62.9 wt%), while the gas yield was highest
at 300 mL/min (26.9 wt%). The amount of MS and operational mode did not impact oil
yield. Gas yield follows the same trend over the range of MS loadings as a function of
temperature and nitrogen flow. The overall gas yield for 25 wt% and for 50 wt% MS
was 2-3 wt% and 5-6 wt% higher compared to no MS likely due to increased vapour
residence time (as described below) and/or secondary reactions as a result of the MS.
The biochar yield is highest (27-33 wt%) at 400 °C over the range of flow rates and MS
loadings studied. The maximum yield of biochar occurred at 20 wt% MS, values below
and above 20 wt% produced less biochar at the same temperature. Ex-situ, the fixed car-
bon in the char was minimal at 20-25 wt% MS, while moisture, volatile, and ash in-
crease with MS addition as discussed in Section 5.4.3.5. Interestingly, the maximum
char yield and minimum acetic acid in oil was at 25 wt% MS, possibly due to the sec-
ondary decarboxylation [41] and cracking reactions [42,51]. Acetic acid is reduced to

ketones, however, as MS increases secondary cracking reactions dominate producing
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more char, water, and NCG. With increasing MS loadings and nitrogen flow the pres-
sure/residence time in the reaction zone likely increased ex-situ as the vapours had to
pass through the quartz wool plug loaded with MS. In-situ the MS was mixed with the
wood and the obstruction of the flow due to the quartz wool plug was minimal. In-
creased pressure/residence times are known to favour secondary reactions such as dehy-
dration and decarboxylation [52,53]. In-situ, dehydration, decarboxylation, and reduc-
tion of acetic acid to ketones occur through direct contact with the MS CaCOs. The de-
pendence of biochar yield on temperature and MS follows the same trend for in-sifu and
ex-situ. However, the in-situ biochar yield was slightly higher (2.0 wt %) compared to
ex-situ. This is potentially due to increased secondary reaction leading to increased in-

situ biochar formation, water (in oil and char), and NCG formation [42,51].
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Table 5-1: Model equations resulting from designed experiment describing char properties in coded factors normalized from -1 to
+1, with A pyrolysis temperature -1 =400 °C and +1 = 525 °C, B nitrogen flow -1 = 50 and +1 = 300 mL/min, C MS -1 =0 wt%

and +1 = 50 wt%, and D operational mode in-situ (-1) and ex-situ (+1)

Response Unit Integer A B C D AB AC AD BC BD CD A? B2 C? D2
Yield oil wt% 54.360 2.448 -3.636 -2.444

Yield char wt% 24.110 -4.980 -1.070  -0.998 2.340 -2.170
Yield gas wt% 21.437 2.348  4.044 2818 1.886

BET surface area m?/g 0.632 3.600 0.106 -0.161 0.551 1.790 2.580 2.130 5.120 4.650

Carbon wt% 56.080 0.171 -12.140  12.830 -3.200 10.790 6.280
Hydrogen wt% 1.770 -0.545 -0.770  0.669 -0.217 0.671 0.701

Nitrogen wt% 0.123 -0.023  0.009 0.050 -0.029 -0.032 0.025

Oxygen wt% 32.550 0.064 6.140 -5.630 2.370 -4.530 -4.230
Moisture wt% 3.130 0.654  0.299 -0.441 0.767 -0.459 0.721

1/Volatiles 1/wt%  0.059 0.006  -0.004 0.012 -0.014 -0.016 -0.010

Fixed carbon wt% 59.930 0.830  -1.550 -7.280  5.680 -3.440 3.170 -5.970 6.270
In(Ash) In(wt%) 2.250 0.080 0.942 -0.669 -0.366  -0.476

HHV MJ/kg 19.380 0.147 -0.077 -5.830  5.370 1.230 4.140 1.600 1.890
pH 8.430 0.352 0.732 -0.422 -0.758
Bulk density kg/m3  267.680 20.950 -0.444 80.190 -82.950 -10.920 11.490 -12.130 17.040 -76.320
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5.4.3 Biochar properties

The biochars characterized in this work are outlined in Table 5-3 and Appendix E.2. Alt-
hough the ex-situ MS experiments should not have impacted the biochar quality di-
rectly, there may be indirect effects due to increased pressure/residence time compared

to in-situ.

5.4.3.1 Scanning electron microscope (SEM) imaging

Particles sizes of the ground biochar varied: smaller and less regular with higher tem-
perature (Figure 5-5c-f) and as large as 1 mm at 400 °C. Char and softwood structures
are similar because the char is the wood after release of volatiles. Square channels
measuring 5-30 pm across (Figure 5-4a) with small pores of 1-2 pm in diameter be-
tween square channel walls were observed (Figure 5-4b) that fill in with small flake like
CaCOs particles if softwood is co-pyrolysed with MS (Figure 5-5e and f). In between
square channels, donut shaped pores appeared as eye shaped pores in cross section (Fig-
ure 5-5¢ and d) measuring 1.5-8.5 um across with 6-17 um outer and 1-12 pm inner di-

ameter (Figure 5-4e and f).

CaCOs crystals appeared in two forms (crystallizations): long string-like (1-2 pm
across) from the middle and outer prismatic calcite layer of the MS (Figure 5-5a) and
small flake like particles (0.5-6.5 pm across) from the inner nacreous aragonite layer of
the MS (Figure 5-5b) [19,43,54]. CaCOs particles were as large as 500 um across. How-
ever, most MS fragments were small (< 10 um) particularly at higher pyrolysis tempera-

tures when conversion of calcite to aragonite was favoured [55] (Figure 5-5f).
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Figure 5-4: (a) Char 1: 525-300-50-e square channels and (b) small pores between
square channels; (c¢) Char 1: 525-300-50-e square lignin channels with donut shaped
pores (here eye shaped in cross section) in between square channels; (d) Char 6: 525 -
50-50-e donut shaped pores three dimensional structure; (e and f) Char 16: 400-300-0-¢

donut shaped pores in various sizes
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Figure 5-5: Char 3: 525-195-50-1 (a) large CaCOs calcite particle with string like crystal
structure and (b) some smaller CaCOs3 aragonite particles with flake like crystal struc-
ture; (c) Char 5: 400-300-50-1 CaCOs particles (white flakes) on the biochar surface
(black structure); (d) Char 13: 467-50-25-1 donut shaped pores in lignin structure,
CaCOs3 (white) spread on structure (right); (e) Char 8: 466-260-25-¢ lignin structure
with channels and no CaCO3 deposits (left), donut shaped pores in structure (right); (f)
Char 3: 525-195-50-1 square channels filled with CaCOj3 aragonite flakes (white)
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5.4.3.2 Fourier-transform infrared spectroscopy (FTIR) of biochar
Identified FTIR peaks for biochars produced from the co-pyrolysis of softwood and MS

are given in Table 5-2.

Table 5-2: Wavelength (cm™) and corresponding functional groups of identified FTIR
peaks adopted from [48]

Peak no. Wavelength (cm™) Functional group

1 3300-3600, broad peak, (3450)  O-H functional group

2 2800-2950, double peak all sp3 C-H (alkane C-H), alkyl C-H
stretch

3 2250-2380, double peak CO; from air (ignore)

4 1600-1800 (just wood) -OH plane bending mode, water, car-

bonyl (C=0) and other common alkane
and oxygenated hydrocarbon functional

groups
5 1600 (just wood) C-O
6 1250-1600, two broad peaks C=0 stretching (CaCOs has strong C=0

stretching) - two peaks one at 1400 one
at 1600 (1600 overlays with peak no. 5,
1400 overlays with peak no. 7)
7 1030 C-C-O (or C-O-C) asymmetric stretch
8 500-700 O-H out of plane bending modes

Peaks 1-3 of the biochars align with the FTIR peaks identified for softwood Figure 5-1)
smaller wavelength peaks are overlaid with peak no. 6 for MS containing biochars. The

impact of temperature and MS on the FTIR spectra is outlined in Figure 5-6.

The C-O stretch peak at 1600 cm™ is more pronounced for higher temperatures. For in-
situ chars (solid lines), the C=0 (1250-1600 cm™), O-H (~3500 cm™"), and C-H

(~2800 cm™!) peaks intensify with increasing temperature. For ex-situ runs with the
same pyrolysis temperature, the C=0 (1250-1600 cm™!), O-H (~3500 cm™!), and C-O

(1600 cm!) peaks became slightly more prominent as flow increased. The C=0 double
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peak at 1250-1600 cm™! appears only for in-situ biochars 3, 13, and 15 with MS due to
the presence of CaCOs. The C-O stretch peak at 1600 cm™! increases for increasing MS

and increasing temperature (Figure 5-6).
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Figure 5-6: FTIR of selected DoE biochars colour coded for reactor temperature (dark
blue: 400 °C to dark red: 525 °C), with solid lines for in-situ runs ending in “-1” and

dotted lines for ex-situ runs ending in “-e” or in-situ runs without mussel shell additive
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5.4.3.3 Brunauer-Emmet-Teller (BET) surface area
Samples were analyzed according to the four BET criteria suggested in [56], results are

given in Table 5-3.

Table 5-3: BET surface areas of biochars sorted by temperature, mussel shell content,

and operational mode with SW — softwood and MS — mussel shell

Char Temp N:flow Mussel Mode Char Mussel in BET
yield char
sample surface
mass area
°C  ml/min wt% in/ex wt % wt % g m?/g
SW 0.6 53
MS 0.6 8.7
10 400 156 0 in 31.6 n/a 0.6 3.1
16 400 300 0 ex 289 nl/a 0.6 3.0
20 400 300 0 ex 29.8 nl/a 0.2 9.7
2 400 50 25 ex 29.8 nl/a 0.6 3.0
11 400 50 25 ex 30.5 n/a 0.6 3.1
5 400 300 50 in 28.8 76.3 0.6 3.7
15 400 50 50 in 30.7 753 0.2-0.6 6.5
18 428 186 50 ex 224  n/a 0.2-0.6 5.6
17 439 283 10 in 255 273 0.6 2.9
4 456 50 0 ex 223 n/a 0.6 34
8 466 260 25 ex 240 n/a 0.6 33
13 467 50 25 in 242 553 0.2-0.6 4.9
7 473 300 50 in 22.8  80.3 0.6 34
12 525 50 0 in 21.5 nl/a 0.1-0.2 22.4
19 525 300 0 in 21.2 nl/a 0.2 10.6
14 525 186 10 ex 219 n/a 0.2 10.9
3 525 195 50 in 18.4 835 0.6 4.3
1 525 300 50 ex 155 n/a 0.1 20.1
6 525 50 50 ex 17.5 n/a 0.2 10.1
: 525 50 50 ex 17.6 n/a 0.1-0.2 14.9

Biochars produced at 525 °C (except biochar 3) did not produce measurable surface
area data with 0.6 g of sample as equilibrium vacuum could not be reached due to larger

surface areas. Consequently, the first pressure point was reduced (5 points added before
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original first point), and sample mass was reduced to 0.1 g to improve initial evacuation

time.

Regardless of MS loading, nitrogen flow, and mode, increasing the temperature from
400 °C to approximately 440 °C did not change the surface area. However, as tempera-
ture increased from 440 to 525 °C the degree of carbonization and consequently the sur-
face area increased [57] from a low of 0-10 g/m? to 10-21 g/m?. At constant tempera-
tures, increasing the MS from 0 to 50 wt% ex-situ at 300 mL/min flow increased the
surface area by 56-190% from 4.0-13.5 g/m? to 11.5-21 g/m2. At lower flowrates the ad-
dition of MS did not increase the surface area to the same extent, likely due to the re-
duced pressure build-up with the loaded quartz wool plug at low flowrates. These ef-
fects are less significant in-situ. Increasing the MS from 0 to 50 wt% occludes the in-
situ biochar pores decreasing the BET surface area by 41-75% from 10-20 g/m? to 2-12
g/m? (Figure 5-5f). However, new functional groups are potentially introduced with MS.
As the flowrate increased (residence time decreases) any in-sifu surface area decrease
with MSS became less pronounced. No change in surface area was observed at

300 mL/min due to shorter residence times. The highest BET surface area occurred at
525 °C, 50 mL/min flow rate no MS for in-situ (20.0 m?/g), and at 525 °C, 300 mL/min
flow rate, and 50 wt% MS for ex-situ (21.0 m?/g). Biochars can be activated to increase
surface area; however, the maximum ash in activated carbon of 15 wt% (DIN EN
12903) [3] is exceeded for in-situ chars with > 10 wt% MS additive. Though it should
be noted that devolatilization (11-14 wt% of in-situ biochars) and reaction of CaCOs to

CaO under release of CO2 (30-40 wt% of in-situ char) would occur during activation at
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high temperatures (700-1000 °C) increasing the relative ash content compared to un-

treated biochar.

5.4.3.4 Elemental analysis C/H/N(O)

Regardless of mode, with no MS, an increase in temperature from 400 to 525 °C in-
creased carbon by 10% from 69.1-73.2 wt% to 75.8-79.9 wt%. At 25 wt% MS, there
was no change in carbon as temperature increased from 400 to 525 °C. The trend re-
versed at 50 wt% MS loading where carbon decreased by 20% from 29.6 to 23.6 wt%
(in-situ) and by 10% 76.9 to 70.8 wt% (ex-situ) as temperature increased. Carbon was
highest at 525 °C with no MS (75.8-79.9 wt%). A second maximum occurred for ex-situ
biochar at 400 °C and 50 wt% MS (76.9 wt%) potentially due to increased pressure at
high MS loadings ex-situ (Section 5.4.2). Ex-situ, a minimum in carbon (68.3-68.6 wt%)
occurred at 20-35 wt% MS corresponding to maximum biochar yield. Carbon in in-situ
biochar decreased with increasing MS from 69.1-75.8 wt% with no MS to

23.6-29.6 wt% at 50 wt% MS due to the addition of MS (12 wt% carbon in MS).

The hydrogen in the ex-situ chars decreases slightly from 3.8 wt% to 2.3 wt% as tem-
perature increased from 400 to 525 °C, while in-situ hydrogen was approximately con-
stant. The MS loading had no effect on ex-sifu char hydrogen. In-situ chars hydrogen
decreased with increasing MS additive due to the dilution effect of MS (0.0 wt% hydro-
gen in MS). The highest in-situ hydrogen (2.8-3.9 wt%) occurred when there was no
MS and decreased as MS was added over the range of temperatures. The lower hydro-
gen with MS results in biochar with a more hydrophobic surface, potentially more ef-

fective for adsorption of hydrophobic molecules [58].
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Overall the nitrogen was low (0.0-0.27 wt%). At 50 wt% MS the nitrogen decreased
from 0.16-0.27 wt% to 0.05-0.15 wt% as temperature increased from 400 to 525 °C.
There was no change with temperature without the MS, outlining the strong interaction
effect of temperature and MS. Increased temperatures may cause the volatilization of ni-
trogen. At 525 °C, no change in nitrogen occurred with MS addition. Adding 50 wt%
MS at 400 °C increased the nitrogen from 0.00-0.08 wt% to 0.16-0.27 wt%. Overall, the
nitrogen was slightly higher for MS containing in-situ biochars compared to the ex-situ
biochars, due to 0.5 wt% nitrogen in neat MS. However, most of the nitrogen from the
MS feedstock ended up in the FPBO as discussed in previous work [10]. Upgrading
softwood with MS generates biochar with more nitrogen and subsequently a more basic

surface, appropriate for acidic gas adsorption [59].

Regardless of mode, the effect of temperature on the oxygen content was the inverse of
carbon. With no MS present, more oxygen was volatilized as temperature increased, de-
creasing the oxygen from 23-26 wt% to 19-21 wt%. At 25 wt% MS loading no effect of
temperature was observed while at 50 wt% MS the oxygen increased with temperature
from 42 to 47 wt% (in-situ) and from 22 to 27 wt% (ex-situ). The effect of the amount
of MS on the oxygen in ex-sifu biochars is non-linear resulting in a maximum of

27 wt% oxygen at 23-37 wt% MS corresponding to a maximum biochar yield and con-
firming the hypothesis of increased secondary pyrolysis reactions described in Section
5.4.2. The in-situ oxygen content increases with increasing amount of MS from

21-26 wt% with no MS to 42-47 wt% at 50 wt% MS (48 wt% oxygen in MS). Since the

oxygen is calculated by difference, and the mineral content of the in-situ biochars is
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only estimated (at 35.3 wt% Ca of total MS in biochar), the error for the oxygen (partic-
ularly for in-situ biochars) is expected to be quite high; however, the observed effects
are larger compared to the estimated error of 5 wt%. Mixing softwood with MS in-
creased the oxygen in the biochar, resulting in more oxygen-containing functional

groups and enhanced sorption of metal ions in aqueous solution [60].

5.4.3.5 Thermogravimetric analysis (TGA)
Table 5-4 and Appendix E.2 show the TGA results for biochars produced via the co-py-

rolysis of softwood with MS.

Table 5-4: Simplified impact of increase of studied factors temperature, flow rate, MS

loading, and mode on TGA char properties

Impact with  Temperature Nitrogen  MS loading Operational

increase flow rate mode
in (O] (mL/min) (Wt%) (in/ex-situ)

Char
property
Moisture (wt%) 1 1 | (in-situ) in <ex
Volatiles (wt%) 1] (esp. w/o MS)  min. at 150 || (in-situ) in < ex
Fixed carbon/CO» 1<25wt% MS  max. at 150 || (in-situ) in <ex
(Wt%) 1 >25 wt% MS
Ash (wt%) max. at 470 ns 11 (in-situ) ex<in

1 - increase, | - decrease, 11 - strong increase, || - strong decrease, ns — not significant

The highest moisture (4.9-5.0 wt%) was at 525 °C, 300 mL/min nitrogen flow, and no

MS. The moisture increased from 2.1-2.7 wt% to 4.3-4.9 wt% with increasing pyrolysis
temperature from 400 to 525 °C with no MS. At 50 wt% MS, any impact of temperature
was negligible. A slight increase in moisture from 0.7-4.3 wt% to 1.3-4.9 wt% occurred

as flow increased from 50 to 300 mL/min at constant temperature and mode. In-situ, at
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400 °C and constant flow rate, the moisture decreased by 52-66% from 2.1-2.7 wt%
with no MS to 0.7-1.3 wt% at 50 wt% MS. At 525 °C moisture decreased by 65-74%
from 4.3-4.9 wt% to 1.1-1.7 wt% when MS was increased to 50 wt%. Ex-situ, at 400 °C
and constant flow rates, moisture increased by 54-68% from 2.2-2.8 wt% with no MS to
3.7-4.3 wt% at 50 wt% MS. At 525 °C there was no change with MS loading. Moisture
increased with MS loading in-situ due to the dilution effect of the 0.4 wt% moisture
MS. The increase in moisture with MS addition ex-situ at 400 °C is potentially due to
longer residence times and the enhanced impact this could have on secondary or water
forming reactions. At 525 °C, the temperature controls secondary reactions more pre-

dominantly, and therefore, MS addition has a reduced effect.

An inverse transformation was recommended to improve the model for the volatiles.
The volatiles decreased with: increasing temperature for both operational modes; in-
creasing loading of MS in-situ; and decreasing loading of MS ex-situ. Without MS, the
volatiles decreased by 22-33% from 25-39 wt% to 19-26 wt% from 400 to 525 °C at
constant flow. At 50 wt% MS, this trend continues ex-sifu, while there is no change in-
situ. The non-linear effect of nitrogen flow resulted in a minimum in volatiles at

150 mL/min. Without MS and comparing the same temperatures the volatiles decreased
by 13-17% from 19.0-25.0 wt% to 22.0-30.3 wt% as flow increased from 50 to 150
mL/min. Past 150 mL/min the volatiles increased to 26.3-39.1 wt%. With the addition
of 50 wt% MS there was no effect of flow rate on volatiles in-sifu. At 50 wt% MS the
volatiles decreased by 51-58% from 19-39 wt% to 10-27 wt% in-situ due to the dilution

effect of MS. Ex-situ at 50 wt% MS, the volatiles increased by 17-40% to
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21.1-48.7 wt% compared to no MS particularly at lower temperatures due to the second-
ary re-polymerization reactions caused by increased residence times and pressures (Sec-

tion 5.4.2).

The fixed carbon/CO; increased from 59-72 wt% to 68-80 wt% with increasing temper-
ature without MS. The effect of temperature decreased as MS increased to 25 wt% MS.
However, at MS > 25 wt% the carbon decreased with temperature from 45-53 wt% to
40-48 wt% (in-situ) and 63-71 wt% to 58-65 wt% (ex-situ) over the temperature range
studied. This agrees with the C/H/N(O) analyses from Section 5.4.3.4. Due to the non-
linear effect of flow, the highest amount of fixed carbon was at 525 °C, 160 mL/min,
and no MS (75.3-80.4 wt%). The fixed carbon/CO; increased by 6-10% as flow in-
creased from 50 to 150 mL/min then dropped by 9-16% at 300 mL/min. The lowest
amount of fixed carbon/CO, was recorded at 525 °C, 50 and 300 mL/min nitrogen flow
rate, and 50 wt% MS for both in-situ (40.0-43.8 wt% fixed carbon/CO3) and ex-situ
(57.7-60.8 wt%). The effect of MS on the minimum of fixed carbon/CO; was larger for
in-situ compared to ex-situ. At 50 wt% MS in-situ the fixed carbon decreased by 21-
24% (14 wt%) at 400 °C and by 37-41% (28 wt%) at 525 °C. At 400 °C the decrease in
fixed carbon/CO> with the addition of > 25 wt% MS was negligible. The fixed carbon
of the in-situ biochar includes the CO; emitted due to the conversion of CaCO3 to CaO
at 600-800 °C resulting in higher fixed carbon for in-situ biochars compared to ex-situ
biochars. The reduction of relative fixed carbon in the ex-sifu chars with increased

amount of MS is due to the secondary reactions outlined in Section 5.4.2 and reaches a
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maximum at 25 wt% MS: 10-11% decrease compared to no MS at 400 °C and 17-19%

decrease at 525 °C.

A natural log transformation was the best fit for the ash content model. The non-linear
effect of temperature resulted in a maximum of ash at intermediate temperatures (460-
480 °C). At constant MS and mode, increasing the temperature from 400 to 470 °C in-
creased the ash by 74%, increasing the temperature from 470 to 525 °C resulted in a
33% decrease. The lowest ash (1.6-3.3 wt%) was at 400 and 525 °C and no MS. The ash
increased with increasing amount of MS; however, the effect was more pronounced in-
situ (1266% increase) due to the high amount of ash (CaO) from the MS (54.1 wt%)
compared to ex-situ (216% increase). The highest ash was recorded for 470 °C and

50 wt% MS for in-situ (68.2 wt%) and for ex-situ (8.6 wt%) char.

5.4.3.6 High heating value (HHV)

Ideally the biochar HHV exceeds the feedstock’s if used in energy applications. The
HHYV is non-linear with temperature resulting in a minimum HHYV at 450-475 °C. The
highest HHV was recorded for pure softwood biochar at 400 °C and 50 mL/min as well
as for 525 °C and 300 mL/min (28.7-31.3 MJ/kg); a 10 MJ/kg increase from the soft-
wood feedstock (19.5 MJ/kg). Increasing pyrolysis temperature from 450-475 to 525 °C,
increased the HHV by 12-61% at 300 mL/min with no change at 50 mL/min. Increased
pyrolysis temperatures results in higher concentrations of fixed C and increased HHV
due to the increased release of volatile compounds [61]. Adding MS adversely impacted

the HHV, particularly of the in-situ chars due to the low heating value MS additive. Due
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to the HHV reduction and increase in ash (for in-situ chars), co-pyrolysis of softwood

with MS was not applicable for upgrading the biochar for use as a fuel.

5437 pH

The biochar pH increases with increasing temperature and amount of MS (up to 37 wt%
MS, maximum calculated through DoE). By increasing the pyrolysis temperature from
400 to 525 °C the pH increases by 10% because more volatile compounds are released,
the biochar yield decreases, and the ash content increases. Moreover, as more hydrogen
atoms are driven off with increasing temperate, deprotonate hydroxyl groups make the

char more alkaline (and the FPBO more acidic) [62—-64].

The pH of slow pyrolysis chars, typically used in soil amendment, is generally lower
compared to fast pyrolysis chars [65]. The pH for in-situ chars is higher by a pH value
of 1 compared to ex-situ but follows the same trend in relation to temperature and
amount of MS. A maximum pH occurred at 37 wt% MS, indicating there is an optimum
amount of MS to maximize the pH. The biochar pH values increased from 7.0-7.7 to
8.7-9.4 (in-situ) and 6.2-6.9 to 7.8-8.5 (ex-situ) by increasing the MS loading from 0 to
37 wt% and plateaued as MS loading increased. The pH increase is likely due to basic-
ity of the MS (pH 8.64 + 0.11) and the pH decline at > 37 wt% MS additive was poten-
tially due to the dilution effect caused by water and other volatiles in MS or the de-
creased heat transfer rates due to increased overall mass of feed. Co-pyrolysis of soft-
wood with MS was applicable for upgrading the biochar in terms of pH, especially for

uses as soil amendment. Newfoundland soils are known to be very acidic requiring the
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use of lime and fertilizers [66]. Therefore, addition of biochar from the co-pyrolysis of

softwood and MS would improve pH of Newfoundland soils, locally.

5.4.3.8 Bulk density

The bulk density increased from 165-245 to 435-560 kg/m3 MS from 0 to 50 wt% for
in-situ biochars due to mixing with high density MS (925 kg/m3). With increasing tem-
perature from 400 to 525 °C, the bulk density increased by 9-43% for most biochars due
to increased carbon content. The bulk density of in-situ biochars was the highest

(560 kg/m3) for 525 °C, 300 mL/min nitrogen flow, and 50 wt% MS and lowest

(165 kg/m3) for 400 °C, 50 mL/min nitrogen flow, and no MS. The effect of MS on the
bulk density of ex-situ biochars was negligible. The bulk density of ex-situ biochars
ranged from 140-215 kg/m3 comparable to literature values for fast pyrolysis biochar

(150-200 kg/m3) [3].

5.5 Conclusions

Liquid analysis has shown that the co-pyrolysis of softwood with MS reduced oxygen in
FPBO via decarboxylation and reduction of carboxylic acids to ketones with CaCO3 as
well as dehydration. The biochar’s physical, chemical, and morphological properties
and its application as a fuel, adsorbent, and soil amendment were investigated in this
work. MS co-pyrolysis decreased the HHV of the biochar by dilution with non-combus-
tible MS, and therefore, applicability as a fuel is not recommended for in-situ biochars.

Co-pyrolysis of softwood with MS was applicable for upgrading the biochar in terms of
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pH, especially for uses as soil amendment. The pH increased from 7 to 9 with MS addi-
tion. Co-pyrolysis (in-situ) biochar pores were filled with MS reducing the surface area,
and increasing the ash, however new functional groups (N and O containing) were in-
troduced. Increased surface functionality is important for high value applications such
as acidic gas adsorption. Post-synthetic modification is costly, in-situ modification as
demonstrated in this study is a faster more efficient alternative. Compared to the market
price of the pyrolysis oil and biochar products, using commercial catalysts in upgrading
is not economically feasible at this point. Instead, naturally occurring alternative co-py-
rolysis additives such as MS should be considered as a first upgrading step. Additives
that pose a disposal task to their respective industries with similar chemical make-up

compared to suitable catalysts are favourable.
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Abstract

Fast pyrolysis bio-oil (FPBO) is a complex organic liquid with over 1000 organic com-
pounds. Therefore, little research exists on the prediction and modelling of liquid physi-
cochemical properties and vapour-liquid phase behaviour. A thermodynamic model of
the FPBO vapour-liquid equilibrium (VLE) in distillation will improve the understand-
ing of bulk and FPBO fraction properties, and therefore, aid in the enhancement of
FPBO for desired applications, such as condensation of pyrolysis vapours, fractionation,
and evaporation during combustion. FPBO produced at 450 °C from softwood sawmill
residues at a feed rate of 4 kg/h (~ 20 s residence time) in a pilot-scale auger reactor was
distilled in an advanced distillation curve (ADC) apparatus at atmospheric pressure and
at a vacuum of 5 kPa (abs). The ADC equipment allows for the data collection of true
thermodynamic state points, including vapour phase composition data. UNIQUAC was
the selected equation of states (EoS) to model FPBO distillation VLEs in a 20-flash se-
ries in VMGSim™, A surrogate mixture of water, 3,4,4"-biphenoltriol (pyrolytic lignin),
inert solids, and multiple organic components was used to model and predict the VLE
and consequently bulk physicochemical properties. It was found that GC-FID composi-
tion data (in area%), water content (Karl Fisher titration), distillation residue, and solid
content were sufficient to inform the model (surrogate composition). This work im-
proved the understanding of FPBO phase behaviour, composition, and bulk properties.
The method allows for the identification of target components and fractions to enhance

FPBO quality for desired applications.

Keywords: Fast pyrolysis bio-oil; advanced distillation curve (ADC); vacuum distilla-

tion; thermodynamic model; UNIQUAC; oil upgrading
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6.1 Highlights

e Advance distillation curve (ADC) method applied to FPBO including composi-
tion data

Distillation at 1 atm and vacuum (5 kPa) yields true thermodynamic state points
Simulation of FPBO distillation curves in VMGSim™ using UNIQUAC EoS
Vacuum distillation of 72 vol% at 345 °C before distillation residue solidified
Distillation in six distinct steps for value-added chemical recovery proposed

6.2 Introduction

Fast pyrolysis bio-oil (FPBO) from wood residues is a proven renewable fuel for heat
and power generation in boilers. FPBO is a complex organic liquid and is challenging to
characterize compositionally using traditional crude oil characterization methods. How-
ever, this type of characterization is necessary to assess fuel blending applications.
Standards such as ASTM D7544 have been developed for FPBO [1-10]. However, as-
sessing FPBO volatility and flammability using methods such as flash point is difficult
due to the high water content [8]. In this work, we use the advanced distillation curve
(ADC) method to assess fuel properties such as composition [11]. Distillation curves are
a common characterization tool in the petroleum industry (e.g. ASTM D86 and D2892)
but have not been established as an analysis for FPBO. In fact, FPBO has been consid-
ered non-distillable due to thermal instability and polymerization at elevated tempera-
tures [12—14]. Vacuum and atmospheric distillation of FPBO have been carried out with
the goal to separate water and other low boiling point (BP) compounds to improve re-
sidual oil fuel quality or for bio-oil fractionation for analytics [15]. However, polymeri-
zation, increased solid content, and water removal lead to a highly viscous residue with

limited applications [16]. Untreated pyrolysis oil yields up to 50 vol% solid residue in
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vacuum distillation [14], and therefore fractionation of high BP components is not feasi-

ble.

In addition to identifying key fractions and compounds, advanced distillation analyses
generate the data required for thermodynamic models. A complete assessment of com-
plex mixtures, such as FPBO, vapour-liquid equilibrium (volatility) can only be done by
distillation measurement [17]. In the petroleum industry, the ASTM D86 distillation
curve procedure is used for quality control and oversight applications in petroleum fuel
volatility assessment [18,19]. Data is recorded as vapour temperature over distilled vol-
ume fraction (DVF). However, there are drawbacks of this method such as large uncer-

tainties in temperature measurements, little theoretical significance because the true

thermodynamic state points are not measured (vapour, not liquid temperatures are corre
lated to DVF), hazard of an open flame with liquid fuels, overheating particularly with-
out stirring, splashing of the distillate hindering accurate volume measurements, and in-
strument dependent results [19]. ASTM D2892, a vacuum distillation method, is used
for petroleum fuels to address some of these drawbacks, but requires large samples sizes
and increased time, and shows uncertainties in measuring and maintaining the vacuum
[20]. Other reduced pressure distillation methods are ASTM D1160 (0.13-6.7 kPa) with
similar drawbacks compared to ASTM D86 (see above); and ASTM D5236 and D2892

that focus on separations, not volatility [17].

Bruno et al. developed the ADC method to address the challenges of conventional dis-
tillation curves and to allow for modelling of vapour-liquid equilibrium (VLE) data,

with an equation of state (EoS) [11]. Advantages of ADC compared to other distillation
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curves are: (1) quantified and identified composition data of each DVF (2) temperature,
volume, and pressure data as true thermodynamic state points allow for modelling with
EoS, (3) consistency with historical data such as ASTM D86, (4) density and enthalpy
calculation for each DVF, (5) trace chemical analysis/DVF, (6) corrosivity/sulfur as-
sessment/DVF [20-22]. With the obtained thermodynamic state points, and an accurate
EoS, equilibrium and transport properties can be calculated at any temperature and pres-
sure, mixture behaviour can be predicted, and surrogates can be developed for fuel test-
ing for engine design, optimization, and mitigation of pollutants (e.g. particulates)
[19,22]. Atmospheric pressure distillation with fuels with low volatility (BP of

350-450 °C) can lead to thermal degradation, cracking, or polymerization. Windom and
Bruno improved the ADC by proposing a reduced pressure alternative (V-ADC)

[17,23].

The ADC method has been used to characterize a variety of fuels: n-alkanes, azeo-
tropes, crude petroleum oil, bio- and petroleum diesel, gasoline, jet fuel, rocket fuel, and
pyrolysis oils (from swine, dairy, pine, and polypropylene feedstocks) [11,18,20,24,25].
V-ADC was used to characterize fuels that degrade with temperature such as soy and
algae-based biodiesel [26,27], virgin and waste oil [28], and swine manure pyrolysis oil
[11]. ADC of single-phase wood-based FPBO has not been done. Starkey Ott et al. dis-
tilled polar, high viscosity, swine manure slurry pyrolysis oil produced by Zhang et al.
[29] at 275-350 °C under reducing 0.34-2.76 MPa CO atmosphere [20]. A low boiling
region yielding clear, colourless distillate was observed < 150 °C while the distillate in

the high boiling region was dark brown at temperatures > 300 °C. A maximum of
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65 vol% distilled was observed at 500 °C; the remaining oil was lost to char formation
due to polymerization reactions at temperatures > 310 °C (ASTM D2892) [20]. Hsieh
and Bruno distilled the same swine manure pyrolysis oil produced by Zhang et al. at

3.5 kPa up to 300 °C when accelerated thermal cracking was observed while collecting
composition data [11]. A steep increase in temperature is observed after the removal of
water resulting in a sigmoid shaped ADC common for complex fuels [11,20,22]. At low
DVF (water removal) atmospheric distillation occurred at higher temperatures com-
pared to V-ADC, while at higher vol% distilled the influence of pressure was negligible

on the ADC [11,20].

Harries et al. compared the atmospheric ADC of two pyrolysis oils produced by Kun-
war et al. in an auger pyrolysis reactor at 500 °C using polypropylene (PP) corrugated
advertisement plastics as a feedstock [18,30]. The hot pyrolysis vapours were con-

densed in a two-stage condensation system resulting in 35-185 °C BP PP gasoline and
185-350 °C BP PP diesel fuel [18,30]. The authors calculated the bulk net enthalpy of

combustion —AH, (lower heating value) [18].

Harries et al. developed an ADC-offset method for non-homogenous fluids with pon-
derosa pine shaving and dairy manure pyrolysis oils [24]. Pyrolyzed in a 20 kg/h auger
reactor at 450-500 °C both feedstocks resulted in a two-phase pyrolysis oil (aqueous top
phase and an organic bottom phase) [24]. The offset method allowed for the comparison
of distillation curves of fluids with different water content. The DVF just after the distil-

lation of the water was used as a starting point for the offset distillation curves [24].
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Molecular distillation has been used to fractionate FPBO prior to GC-MS analysis [31—

33].

ADC phase equilibrium data can be used to model the FPBO phase behaviour. Due to
the complex nature of FPBO, modelling is generally done with surrogate compounds to
represent all or parts of the oil [34-37]. Zhang et al. developed a surrogate mixture to
model the evaporation of FPBO and its mixtures with petroleum diesel, biodiesel, and
ethanol at 800 K [38]. Elkasabi et al. modelled the stepwise distillation (six temperature
steps) of switchgrass, horse manure, and eucalyptus based tail-gas recycled pyrolysis oil
(TGRP) via Pro-II’s solution equilibrium activity model and TBP distillation curve fea-
ture with Margules and non-random two-liquid (NRTL) activity model [39]. Ille et al.
used distillation curve data to predict activity coefficients of water in FPBO to feed their

condenser models [40].

In this work, we use V-ADC data to assess the volatility of FPBO and select surrogates
to model the distillation curve in a 20-flash series in VMGSim™. For each fraction re-
covered, a sample is taken for GC analysis. Bulk fuel properties such as enthalpy (heat-
ing value, heat capacity, flash point), flow properties (viscosity, density), and average
molecular weight are predicted with the VMGSim™ model and compared to experi-

mental data.
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6.3 Materials and methods

6.3.1 Fast pyrolysis bio-oil production and characterization

A mixture of Newfoundland pine and spruce softwood shavings supplied by Sexton
Lumber Co Sawmill, Bloomfield NL Canada, was ground to < 2 mm in a cutting mill
and dried at 75 °C overnight. The resulting median particle size determined via sieve
analysis was 750 um, and moisture content was 0.4-2.0 wt% (Mettler Toledo Compact
Halogen Moisture Analyzer HB34-S at 105 °C). The higher heating value (HHV) of
softwood was 19.51 + 0.48 MJ/kg. The auger reactor was operated at 4 kg/h (feed),

450 °C reactor temperature, and 20-25 °C condenser cooling water temperature. The re-
actor and its operating parameters are described by Papari et al. [41]. The physicochem-
ical FPBO properties investigated were water content, HHV, total acid number (TAN),
density (at 20 and 40 °C), dynamic viscosity (at 20 and 40 °C), solid content, elemental
composition (C/H/N(O)), thermogravimetric analysis (TGA), and GC-MS/FID as de-

scribed in [42,43].

6.3.2 Advanced distillation curve apparatus

Advanced distillation curves (ADC) were first introduced by Thomas Bruno (NIST)
[19]. Improvements compared to ASTM D86 and ASTM D2892 are noted above. The
ADC apparatus is improved in that heating is provided by a two-part aluminum heating
jacket with 3 cartridge heaters which are programmed to a heating profile with a Glas-
Col Ramptrol LLC 104A PLI912T temperature controller (Figure 6-1). The heating pro-

files were chosen to ensure constant distillate mass flow rate (Appendix F). This heater
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set-up allows for magnetic stirring of the 200 mL sample in a 500 mL round bottom
flask reducing hot spots in the liquid. The temperature is measured via two J-type (at-
mospheric) or K-type (vacuum) thermocouples: one measuring the distillation head/va-
pour temperature (Th) allowing for comparison with historical data (e.g. ASTM D86)
and one in the kettle/liquid (Tx). A forced air-cooled condenser allows for flexibility in
condenser temperature. A sampling adapter (hammock adapter) is located just before
the volumetric receiving flask to ensure uniform sample temperature and avoid vapour
lock in the syringe needle. The distillate drops in into a calibrated receiving flask with
two communicating tubes to allow for stabilized volume measurements [19]. A vacuum
sampling adapter was modified from [26]. The housing was aluminum instead of PTFE,
increasing durability, with an additional outside thread and cap with septum for the
plunger reducing air leakage into the sampling adapter and V-ADC apparatus. The sam-
pling adapter was connected to a separate vacuum pump with slightly lower pressures of
2.0 kPa compared to 5.0 kPa in the V-ADC apparatus to assist with pulling samples.
Composition data is collected via the hammock adapter and chromatographic sy-
ringe/vacuum sampling adapter. At 10 DVF intervals, 20 pL distillate samples are taken
and dissolved in 250 pL 2-propanol. These samples are analyzed using a GC-FID (as
described in Section 2.1) and provide temperature/DVF/composition data points. All ex-
periments at vacuum conditions were carried out at 5.0 kPa, slightly above the vapour
pressure of water at room temperature. The vacuum was supplied to the apparatus via a
Welch DuoSeal™ 1400B-01 rotary vane vacuum pump and controlled by an Alicat
PCD-series™ PCD-15PSIA-D-PCA13.PCA13 pressure controller with two stainless

steal PCA13 valves calibrated from 0-15 psia. A Welch Self-Cleaning Dry Vacuum
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System™ 202701 vacuum pump applied vacuum to the sampling syringe. During
V-ADC, for kettle temperatures up to 200 °C, the hammock adapter was cooled with the
condenser cooling air outlet to avoid re-evaporation of the distillate. Starting at 250 °C
kettle temperature, sampling from the hammock adapter was difficult due to the high
viscosity of the sample, cooling air to the condenser was shut off, and the condenser and
hammock adapter were heated with a heat gun. Uncertainties were: = 1.0 °C thermocou-
ples, £ 0.03 kPa apparatus pressure, + 0.3 mL DVF. “Last drop” samples were taken

when Tk measurement decreased because the thermocouple lifted out of the fluid [19].
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Figure 6-1: Schematic drawing of the (vacuum) advanced distillation curve set-up
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6.3.2.1 Validation

The apparatus was validated with two mixtures of n-decane and tetradecane and com-
pared to literature values by Bruno et al. [19]. Mixtures 1 and 2 were a 50:50 and 75:25
mol/mol mixture of n-decane (CAS 124-18-5) and tetradecane (CAS 629-59-4) from
Sigma Aldrich at > 99% purity. BPs of the pure compounds at 1 atm are 174.1 °C and
253.5 °C for n-decane (C10H22) and n-tetradecane (C14H30), respectively [44]. Validation
was carried out in triplicate with mixture 1 and duplicate with mixture 2. Composition
data was collected for 1 run at atmospheric pressure and 2 runs at vacuum conditions
(5.0 kPa) for each validation mixture. Composition samples in n-hexane solvent were
analyzed via GC-FID equipped with an Equity™ -5 Capillary 30 m column, 0.25 mm
outside diameter coated with 25 pm, at temperature profile heating from 90 to 250 °C at
8 °C/min. The auto sampler injection into split injector is set at 30 mL/min. Calibration
by external standard mixtures of 0:100, 20:80, 40:60, 60:40, 80:20, 100:0 mol/mol of
decane and tetradecane was carried out. ADC curves were simulated via a 20-flash se-

ries with Advanced Peng Robinson fluid package in VMGSim™ Version 10.0.

6.3.3 Thermodynamic model

A 20-flash series (5 vol% distilled per flash via heat exchangers between flashes) was
developed in VMGSim™ Version 10.0. The universal quasi-chemical activity coeffi-
cients (UNIQUAC) EoS was used for the liquid phase and ideal gas for the vapour.
Each 5 vol% step is compared to the experimental data. Gas phase association due to
acetic acid and other association compounds was not considered due to the lack of im-

provement in predictions and long computational times required (seconds compared to
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> 10 minutes). Equation 2.1 was used to compute the bubble temperature for a defined
liquid composition and pressure.

YiP = x;yiPy; (6.1)

No complex model is necessary to predict fuel properties, such as enthalpy, (cold) flow
properties, mixing behaviour, stability and acidity. The simulated feed temperature

(20 °C), and pressure (1 atm and 5 kPa,) was set according to experimental conditions.
Preliminary experiments indicate FPBO distillation shows a sigmoid-shaped curve, in-
dicating the data could potentially be modelled with a few selected surrogate com-
pounds. The surrogate compounds were selected to represent the wide range of func-

tional groups and BP components present in the liquid (Table 6-1).
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Table 6-1: Surrogates and quantities in FPBO model with boiling points and functional

groups

Surrogate compound

Amountin BP? @ 1 atm MW" Functional

simulation groups
feed
wt % °C [44] g/mol
1 Water 23.7 100.0 18
2 Methanol 0.8 64.6 +0.3 32 Alcohol
3 Glycolaldehyde (2-hydroxy- 3.9 131.3+£23 60 Aldehyde, hy-
acetaldehyde) droxyl
4 Acetic acid 4.9 1171£3.0 60 Acid
5 1-Hydroxy-2-propanoate 54 1455+00 74 Aldehyde, ke-
(acetol) tone
6 Furfural 0.2 161.8+£0.0 96 Aldehyde
7 Furfurylalcohol 1.4 170.0£0.0 98 Alcohol
8 Guaiacol 3.5 205.0+0.0 124 MePh®
9 2-Methoxy-4-methylphenol 4.7 220.0+0.0 138 MePh, methyl
(creosol)
10 5-Ethyl-guaiacol (modelled 1.9 246.5+20 152 MePh, ethyl
in FPBO: 4-ethyl-guaiacol)
11 4-Allyl-2-methoxyphenol 2.8 255.0+£0.0 164 MePh
(eugenol)
12 4-Propylguaiacol 2.1 263.6+£20 166 MePh
13 Syringol 4.6 2645+0.0 154 MePh
14 Vanillin 1.3 282.6 +20 152 MePh, aldehyde
15 Levoglucosan 3.8 383.8+42 152 Anhydrosugar
16 3,4,4'-Biphenoltriol 313 416.5+35 202 Pyrolytic lignin
17 Solid! 3.8 na

a - boiling point (BP), b - molecular weight (MW), ¢ - methoxyphenol (MePh)
d - no vapour pressure

The chemical classification is somewhat ambiguous because several compounds have

multiple functional groups (Table 6-1). The water content (23.7 wt%) was determined

by Karl Fischer titration. The distillation residue is typically 28-32 vol% and consists of

solids and polymerized/solidified pyrolytic lignin (acetone, methanol, water-insolubles)
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which do not contribute significantly to vapour pressure but do influence activity of vol-
atiles in liquid through dilution and associations [40]. Solids were assigned a vapour
pressure of zero, and for simplicity, the binary interaction parameters for binaries con-
taining solids were assumed to be zero. The solid content was 3.75 + 0.09 wt%, and the
remaining distillation residue was pyrolytic lignin. In this work 3,4,4’-biphenyltriol (BP
416 £30 °C) with 13 molecules, two aromatic rings, and a variety of typical lignin
bonds was used as a surrogate component for pyrolytic lignin [40]. The fraction of the

remaining surrogates (2-15) was determined using area% from GC-FID.
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6.4 Results and discussion

The ADC system was first validated using a simple fluid, and then a series of FPBO ex-
periments were carried out to develop a model that could satisfactorily predict phase be-

haviour.

6.4.1 Validation results

Atmospheric validation ADC and composition results (Figure 6-2 and Figure 6-3) are
summarized in Table 6-2 and Table 6-3. V-ADC validation at 5.0 kPa and composition
results (Figure 6-4 to Figure 6-6) are summarized in Table 6-4 and Table 6-5 Bruno et
al. found that Ty is instrument (and insulation) depended, therefore Tx was used for

comparison of validation experiments to literature and simulated data [19].
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Figure 6-2: Advanced distillation curve recorded at 100.4 kPa with 95% confidence in-
terval and comparison to literature [19] and simulated values for (a) validation mixture
1 50:50 v/v decane tetradecane and (b) validation mixture 2 75:25 v/v decane tetrade-

cane
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Figure 6-3: Advanced distillation curve composition data recorded at 100.4 kPa with
comparison to literature [1] and simulated values for (a) validation mixture 1 50:50 v/v

decane:tetradecane and (b) validation mixture 2 75:25 v/v decane:tetradecane

The ADC data showed a good correlation to experimental literature values and simu-
lated data. The difference to literature values could be due to differences in ambient
pressure, that is pressures below 1 atm (high altitude) converted to 1 atm via Sydney-
Young equation [19]. Differences to the simulated data are due to a small reflux of con-
densed vapours in the distillation flask head, and the delay between temperature and
volume fraction measurements caused by equipment hold-up. Bruno et al. noted that

hold-up in the apparatus caused a loss of 2-4 vol% of total liquid [19].

Over three separate runs, the 50:50 mol:mol decane-to-tetradecane mix showed an aver-
age standard deviation of 0.6 °C and an average error (95%) of + 1.6 °C and the average
difference compared to literature was -1.6 £ 2.4 °C (-0.6 £ 1.0%) [19] and
54°C=+1.1°C(2.4+£0.5%) to simulation data. The composition data average differ-
ence was 1.7 £ 9.0 mol% to literature and -1.1 + 3.2 mol% to simulation. The 75:25

mol:mol decane-to-tetradecane mixture ADC showed an average standard deviation of
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0.3 °C for two runs with an average difference of -1.3 £ 1.9 °C (-0.5 = 0.8%) to litera-
ture values [19] and 4.9 + 1.8 °C (2.4 £ 0.8%) to simulation data. The composition data
average difference was 1.8 + 6.5 mol% to literature and -1.5 + 3.4 mol% to simulation.
Bruno et al. noticed the initial boiling temperature for validation mixture 1 and 2 to be

below other standards by an average 9.4 °C [19].
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Table 6-2: Advanced distillation curve data of validation mix 1 50:50 v/v decane:tetradecane recorded at 101.4 kPa with a 95%

confidence interval and comparison with literature [1] and simulated values

Validation Literature Simulated
Volume Tk Tk Tk Tk Tk Tk x, C10 Tk x, C10 Volume Tk x, C10
distilled Run 1 Run 2 Run 3 Average Standard 95% distilled

deviation error

vol % °C °C °C °C °C °C mol/mol °C mol/mol vol % °C mol/mol
0 202.4 201.7 200.3 201.5 1.07 2.66 0.897 196.5 0.966 0 198.7 0.871
5 204.4 202.7 202.2 203.1 1.15 2.86 200.0 5 200.2 0.860
10 206.2 204.9 204.1 205.1 1.06 2.63 202.2 10 201.8 0.846
15 208.4 207.1 205.9 207.1 1.25 3.11 0.847 205.0 0.918 15 203.7 0.831
20 210.6 209.4 208.2 209.4 1.20 2.98 208.0 20 205.8 0.812
25 213.3 212.5 211.1 212.3 1.11 2.77 0.803 211.7 0.896 25 208.2 0.789
30 216.4 215.7 214.0 2154 1.23 3.07 215.7 30 210.9 0.762
35 220.3 219.3 217.8 219.1 1.26 3.13 0.748 221.3 0.875 35 213.9 0.729
40 2244 2239 221.9 2234 1.32 3.29 228.8 40 2174 0.688
45 228.7 228.5 226.8 228.0 1.04 2.59 237.8 45 221.2 0.638
50 233.4 233.1 231.7 232.7 0.91 2.25 0.570 244.6 0.416 50 2254 0.577
55 238.2 237.9 237.1 237.7 0.57 1.41 248.6 55 229.9 0.506
60 243.3 243.2 242.4 243.0 0.49 1.23 250.8 60 234.5 0.426
65 247.0 246.6 246.7 246.8 0.21 0.52 0.257 252.0 0.049 65 239.0 0.339
70 250.0 249.2 249.8 249.7 0.42 1.03 252.5 70 243.0 0.253
75 252.1 250.8 251.6 251.5 0.66 1.63 0.099 252.6 0.000 75 246.4 0.175
80 252.7 252.3 252.4 252.5 0.21 0.52 252.4 80 249.1 0.109
85 253.3 252.6 252.6 252.8 0.40 1.00 0.037 252.4 0.000 85 251.0 0.061
90 253.5 252.2 252.7 252.8 0.66 1.63 253.32 90 252.2 0.029
95 258.6% 95 252.9 0.011
98 0.013 0.000 100 253.2 0.002
Onset® 164.5 164.1 168.0 165.5 2.15 164.5 191.8
Sustained® 201.8 201.0 198.0 200.3 2.00 201.8 193.6
Vapour rise® 202.1 201.2 200.2 201.2 0.95 202.1 196.5
First drop 202.4 201.6 200.2 201.4 1.11 202.4

a - temperature recorded after lift-out of thermocouple, b - bubbling onset and sustained bubbling could not be observed due to dark, opaque nature of fast pyrolysis bio-

oil, ¢ - initial boiling point
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Table 6-3: Advanced distillation curve data of validation mix 2 75:25 v/v decane:tetradecane recorded at 101.4 kPa with a 95%

confidence interval and comparison with literature [1] and simulated values

Validation Literature Simulated
Volume Tk Tk Tk Tk Tk x, C10 Tk x, C10 Volume Tk x, C10
distilled Run 1 Run2  Average Standard  95% er- distilled

deviation ror

vol % °C °C °C °C °C mol/mol °C mol/mol vol % °C mol/mol
0 185.6 185.6 185.6 0.00 0.00 0.996 185.4 0.986 0 184.3 0.958
5 186.5 186.5 186.5 0.00 0.00 185.4 5 184.9 0.955
10 187.1 187.1 187.1 0.00 0.00 186.2 10 185.5 0.952
15 188.0 188.7 188.4 0.49 445 186.9 15 186.2 0.949
20 188.8 189.3 189.1 0.35 3.18 0.954 188.0 0.969 20 187.0 0.944
25 189.8 190.0 189.9 0.14 1.27 189.1 25 188.0 0.940
30 1914 191.5 191.5 0.07 0.64 0.945 190.5 0.958 30 189.0 0.934
35 192.8 193.0 192.9 0.14 1.27 191.9 35 190.3 0.927
40 194.8 194.9 194.9 0.07 0.64 0.927 194.2 0.949 40 191.8 0.918
45 196.8 197.4 197.1 0.42 3.81 196.3 45 193.6 0.907
50 200.1 200.4 200.3 0.21 1.91 0.899 199.5 0.929 50 195.7 0.892
55 203.1 204.0 203.6 0.64 5.72 203.1 55 198.4 0.873
60 208.1 208.6 208.4 0.35 3.18 0.848 209.4 0.875 60 201.9 0.846
65 213.4 214.1 213.8 0.49 445 0.804 217.7 0.848 65 206.2 0.808
70 221.0 222.1 221.6 0.78 6.99 0.731 228.7 0.773 70 211.9 0.751
75 231.3 231.3 231.3 0.00 0.00 242.1 75 219.2 0.665
80 241.1 240.4 240.8 0.49 4.45 0.469 249.3 0.173 80 227.9 0.540
85 248.8 246.9 247.9 1.34 12.07 256.72 85 237.0 0.377
90 251.4 251.1 251.3 0.21 1.91 0.064 265.12 90 244.9 0.211
95 0.000 95 250.0 0.086
98 0.019 0.000 100 252.5 0.020
Onset” 180.4 158.8 169.6 15.27 137.2 182.0
Sustained® 185.6 185.6 185.6 0.00 0.00 183.3
Vapour rise® 185.6 185.6 185.6 0.00 0.00 184.6
First drop 185.6 185.6 185.6 0.00 0.00

a - temperature recorded after lift-out of thermocouple, b - bubbling onset and sustained bubbling could not be observed due to dark, opaque nature of fast pyrolysis bio-

oil, ¢ - initial boiling point
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The apparatus was also validated at vacuum pressure.
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Figure 6-4: Vacuum advanced distillation curve validation recorded at 5.0 kPa compar-

ing kettle (Tkette) and head (Thead) temperatures with simulated kettle temperatures for

(a) mixture 1 50:50 v/v decane:tetradecane and (b) mixture 2 75:25 v/v decane:tetrade-
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Figure 6-5: Vacuum advanced distillation curve validation recorded at 5.0 kPa with

95% confidence interval and comparison to simulated values for (a) mixture 1 50:50 v/v

decane tetradecane and (b) mixture 2 75:25 v/v decane tetradecane
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Figure 6-6: Vacuum advanced distillation curve composition data recorded at 5.0 kPa
with standard deviation and comparison to simulated values for (a) validation mixture 1

50:50 v/v decane tetradecane and (b) validation mixture 2 75:25 v/v decane tetradecane

The distillation curves for both mixtures reached the boiling point of pure tetradecane
(253.6 °C) at lower DVF compared to the simulation. This left-shift of the experimental
distillation curves is due to hold-up in the apparatus and reflux to the distillation flask.
Even though reflux was limited as much as possible through short distances and insula-
tion of the distillation flask, it was not eliminated 100%. The measured V-ADC data
showed a good correlation to simulated data. Differences to the simulated data are due
to a small reflux of condensed vapours in the distillation flask head, and the delay be-
tween temperature and volume fraction measurements caused by equipment hold-up (<5
vol%). The 50:50 mol:mol decane-to-tetradecane mix (three runs) had an average stand-
ard deviation of 2.0 °C and an average error (95%) of £ 5.1 °C. Average difference to
simulation data was 2.4 + 1.0 °C (2.0 £ 0.7%). The composition data average difference
to simulation was -1.1 + 3.8 mol%. The 75:25 mol:mol decane-to-tetradecane mixture

ADC (two runs) had an average standard deviation of 0.9 °C for two runs. The average
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difference to simulation data was 3.3 = 1.1 °C (3.1 £ 0.8%), and the composition data

average difference to simulation was -2.9 + 5.3 mol%.
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Table 6-4: Vacuum advanced distillation curve data of validation mix 1 50:50 v/v decane:tetradecane recorded at 5.0 kPa with a

95% confidence interval and comparison with simulated values

Validation Simulation
Volume Tk Tk Tk Tk Tk Tk x, C10 Volume Tk x, C10
distilled Runl Run2 Run 3 Average Standard 95% error Average distilled
deviation
vol % °C °C °C °C °C °C mol/mol vol % °C mol/mol
0 100.2 100.6 101.0 100.6 0.40 0.99 0.970 0 99.1 0.956
5 103.5 100.6 102.3 102.1 1.46 3.62 5 100.3 0.950
10 105.1 101.4 104.4 103.6 1.97 4.88 0.947 10 101.9 0.943
15 107.3 103.2 107.4 106.0 2.40 5.95 15 103.7 0.933
20 109.2 105.3 109.1 107.9 2.22 5.52 0.940 20 105.9 0.921
25 111.7 108.1 112.7 110.8 242 6.01 25 108.7 0.903
30 115.8 111.2 116.9 114.6 3.02 7.51 0.913 30 112.1 0.876
35 120.5 1153 122.9 119.6 3.89 9.65 35 116.4 0.836
40 126.9 122.2 129.0 126.0 348 8.65 0.814 40 121.9 0.772
45 1334 128.2 138.3 133.3 5.05 12.55 45 128.5 0.673
50 141.7 137.3 147.3 142.1 5.01 12.45 0.505 50 135.7 0.528
55 147.8 148.1 150.8 148.9 1.65 4.10 55 142.2 0.359
60 150.4 151.0 151.9 151.1 0.75 1.88 0.040 60 146.9 0.207
65 151.6 151.4 152.1 151.7 0.36 0.90 65 149.7 0.102
70 151.9 151.5 152.0 151.8 0.26 0.66 0.007 70 151.2 0.044
75 152.1 151.5 151.6 151.7 0.32 0.80 75 151.8 0.017
80 151.9 151.3 154.0 1524 1.42 3.52 0.001 80 152.1 0.006
85 151.4 152.2 154.0 152.5 1.33 3.31 85 152.2 0.002
90 151.2 153.0 152.1 1.27 3.16 0.000 90 152.2 0.000
95 152.2 0.000

100.0 152.2 0.000
Onset? 96.7 93.2 95.0
Sustained® 96.9 96.6 96.8
Vapour rise® 100.1 98.9 99.5
First drop 100.2 100.6 101.0 99.5 0.85 0.89

a - bubbling onset and sustained bubbling could not be observed due to dark, opaque nature of fast pyrolysis bio-oil, b - initial boiling point
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Table 6-5: Vacuum advanced distillation curve data of validation mix 2 75:25 v/v decane:tetradecane recorded at 5.0 kPa with a

95% confidence interval and comparison with simulated values

Validation Simulated
Volume Tk Tk Tk Tk Tk x, C10 Volume Tk x, C10
distilled Run 1 Run2  Average Standard  95% er- distilled

deviation ror

vol % °C °C °C °C °C mol/mol vol % °C mol/mol
0 924 91.5 92.0 0.64 5.72 0.996 0 89.8 0.987
5 93.3 92.4 92.9 0.64 5.72 5 90.2 0.986
10 93.6 93.2 934 0.28 2.54 10 90.7 0.985
15 93.3 94.5 93.9 0.85 7.62 15 91.2 0.983
20 94.1 94.7 944 0.42 3.81 0.954 20 91.9 0.981
25 944 944 944 0.00 0.00 25 92.6 0.979
30 94.3 95.7 95.0 0.99 8.89 0.945 30 93.5 0.977
35 97.0 96.4 96.7 0.42 3.81 35 94.5 0.973
40 98.4 100.2 99.3 1.27 11.44 0.927 40 95.8 0.969
45 101.3 100.1 100.7 0.85 7.62 45 97.5 0.963
50 102.8 102.6 102.7 0.14 1.27 0.899 50 99.6 0.954
55 106.9 105.5 106.2 0.99 8.89 55 102.5 0.940
60 111.8 110.9 111.4 0.64 5.72 0.848 60 106.7 0.915
65 118.4 117.1 117.8 0.92 8.26 0.804 65 113.0 0.868
70 130.2 126.3 128.3 2.76 24.78 0.731 70 122.4 0.766
75 146.9 143.2 145.1 2.62 23.51 75 134.6 0.554
80 151.1 150.3 150.7 0.57 5.08 0.469 80 144.7 0.281
85 150.0 150.9 150.5 0.64 5.72 85 149.9 0.096
90 151.2 151.2 0.064 90 151.7 0.023
95 95 152.2 0.004
98 0.019 100 152.2 0.000
Onset?
Sustained® 90.0 90.0
Vapour rise® 90.6 90.6
First drop 924 91.5 92.0 0.64 2.74

a - bubbling onset and sustained bubbling could not be observed due to dark, opaque nature of fast pyrolysis bio-oil, b - initial boiling point
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6.4.2 Pyrolysis yields and oil properties

Yields based on wet biomass (0.4-2.0 wt% moisture) were: 48.1 wt% oil, 16.8 wt%
char, and 35.1 wt% gas. The gas yield was determined by difference. Properties of the
oil are outlined in Table 6-6. VMGSim™ simulation results are discussed in Section

6.4.5.
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Table 6-6: Properties of FPBO used in this work and comparison to ASTM 7544 and typical FPBO

Property Average?® 95% VMGSim ASTM ASTM ASTM Typical
conf. prediction 7544 7544 7544 FPBO
interval min/max Grade G GradeD [6,10,45—
47]
Oil yield, wt% 48.1 50-75
Char yield, wt% 16.8 12-22
Gas yield, wt% 35.1 13-23
Gross heat of combustion, HHV, Ml/kg 18.2 + 0.08 21.1 min 15 15 13-18
Water content, wt% 23.7 + 0.26 max 30 30 20-40
Solid content, wt% 3.75 + 0.09 max 2.5 0.25 0.01-3
Kinematic viscosity (20 °C), cSt = mm?/s 48.2 + na 2.62 6-140
Kinematic viscosity (40 °C), cSt=mm?%s 18.1 + na 1.62 max 125 125 <35
Density (20 °C), g/mL 1.204 + 0.001 1.124 report 1.1-1.3 1.1-1.3 1.05-1.25
TAN, mgNaOH/gOil 47.6 + 344 36-93
TAN, mgKOH/gOil 66.7 + na 50-130
pH report report 2-3
Flash point®, °C 22.9 min 45 45 40-110
Pour point, °C max -9 -9 -9 to -36
Cary, Wt% 579 + 1.76 56-62
Hary, Wwt% 6.2 + 040 6-8
Nary, Wt% <0.2 + Na <0.3
Oury (by difference), wt% 35.9 + 1.70 30-60°
Sadry, Wt% 0.0 + 0.00 max 0.05 0.05 0-0.05
Highly volatiles <200 °C, wt% 63.4 + 6.85
Medium volatiles 200-600 °C, wt% 24 .4 + 144
Combustibles 600-700 °C, wt% 11.8 + 552
Ash > 700 °C, wt% 0.42 + 0.09 max 0.25 0.15 0.01-0.7

a - without filtering, b - now Sustained Combustion Test [8], ¢ - wet and dry oil
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6.4.3 Atmospheric pressure advanced distillation curves
A pressure correction to 1 atm was not necessary as the ADC was performed at sea
level. The average room temperature was 23.8 °C. ADC results are given in Figure 6-7

and Table 6-7.
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Figure 6-7: Advanced distillation curve recorded at 100.4 kPa for fast pyrolysis bio-oil

comparing kettle (0) and head (A) temperatures with simulated liquid (x) temperatures
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Table 6-7: Advanced distillation curve kettle and head temperatures (in °C) of fast py-

rolysis bio-oil recorded at 100.4 kPa and simulated kettle temperatures

Experimental Simulated
Volume fraction Tettte Thead Trettle
(vol %) (°O) (°O (°O
0 100.2 86.2 101.6
5 103.0 98.4 102.6
10 104.1 100.4 104.0
15 106.2 104.7 106.0
20 109.3 113.1 109.0
25 113.0 122.8 113.6
30 127.0 135.2 121.4
35 140.8 143.8 135.7
40 163.6 153.3 163.0
45 192.3 164.3 207.5
50 2234 171.0 257.2
55 239.8 146.3 299.2
60 3334
65 362.7
70 386.8
75 402.2
80 409.8
85 413.8
90 419.5
95 1,209.9
Onset® -
Sustained® <96.4
Vapour rise® 76.1
First drop 100.2

a - bubbling onset and sustained bubbling could not be observed due to dark, opaque na-

ture of fast pyrolysis bio-oil, b - initial boiling point
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Up to 55 vol% could be distilled before the distillation residue turned into solid residue
(highly viscous at distillation temperature, friable, coke-like solid after cooling) due to
polymerization reactions [20]. The average difference of experimental kettle tempera-
ture to simulated values was 1.1 + 1.9 °C (0.9 £ 1.5%) up to 40 vol% distilled (compa-
rable to validation experiments) and increased to -8.2 £ 12.4 °C (-2.7 £ 4.6%) for 40-
55 vol% due to polymerization reactions. Due to the high water and low volatile content
FPBO does not meet either of the ASTM D4814 spark-ignition engine fuel volatility re-
quirements: (1) Th (measured ASTM D86) does not exceed 70 °C at 10 vol% distilled,
(2) Th does not exceed 121 °C at 50 vol% distilled [18]. The decrease in T above

50 DVF (atmospheric pressure) and 65 DVF (5 kPa) is due to temperature loss through
the insulation of the distillation head at high temperatures and a reduced vapour mass
flow. Results are comparable to pyrolysis oil advanced distillation curves recorded by

Harries et al. after correction for water content (offset method) [24].
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6.4.4 Vacuum advanced distillation curves

V-ADC results for 3 runs are shown in Table 6-8, Figure 6-8, and Figure 6-9. Composi-

tion data GC-FID chromatograms are given for run 3 in Figure 6-10 and Table 6-9.
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Table 6-8: Vacuum advanced distillation curve kettle temperatures (in °C) of fast pyrol-

ysis bio-oil recorded at 5.0 kPa and 95% confidence interval calculations

Experimental Tiewe (°C) Simulated
Volume frac- Run1l Run2 Run3 Average Standard 95% Tettle
tion (vol %) deviation error (&)
0 334 334 334 334 0.00 0.00 33.5
5 346 344 348 34.6 0.20 0.50 34.3
10 355 355 357 35.6 0.12 0.29 35.3
15 37.8 388 379 38.2 0.55 1.37 36.5
20 41.1 445 418 42.5 1.80 4.46 38.3
25 48.7 564  49.7 51.6 4.19 10.40 41.0
30 63.3 799 659 69.7 8.93 22.18 45.5
35 87.3 105.0 91.0 94 .4 9.34 23.19 53.8
40 108.7 121.0 112.5 114.1 6.30 15.64 72.4
45 123.5 1383 127.0 129.6 7.73 19.21 111.8
50 146.7 165.1 147.1 153.0 10.51 26.11 155.9
55 167.5 197.0 174.5 179.7 15.41 38.29 187.7
60 190.5 236.8 2054 210.9 23.63 58.71 213.3
65 234.2 2847 260.9 259.9 25.26 62.76 238.6
66 2704 288.1 265.8 274.8 11.81 29.33 243.3
68 295.0 275.5 285.2 13.80 252.7
70 285.2 285.2 262.1
71 298.8 298.8 264.9
72 345.7 345.7 267.7
75 276.0
80 282.2
85 286.7
90 2954
95 664.1
Onset® - - - - - -
Sustained® - - - - - -
Vapour rise® 33.1 332 327 33.0 0.26 0.66
First drop 334 334 334 334 0.00 0.00

a - bubbling onset and sustained bubbling could not be observed due to dark, opaque nature of

fast pyrolysis bio-oil, b - initial boiling point
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Figure 6-8: Vacuum advanced distillation curves of fast pyrolysis bio-oil recorded at
5.0 kPa comparing average kettle (0) and average head (A) temperatures with 95% con-

fidence intervals
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Figure 6-9: Vacuum advanced distillation curves (kettle temperatures) of fast pyrolysis
bio-oil recorded at 5.0 kPa comparison of 3 runs (0, A, and o) with average (+) and 95%
confidence interval compared to simulated kettle temperature (x)
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The distillable volume fraction increased to 72 vol% under vacuum. The average stand-
ard deviation was 8.7 °C with an average error (95%) of + 20.8 °C for three runs. The
absolute average difference between the experimental average and the simulated values
increased compared to atmospheric distillation 18.3 + 10.4 °C (17.0 = 10.7%). 3,4,4’-bi-

phenyltriol as pyrolytic lignin surrogate suggested by Ille et al. was a good fit [40].

The composition samples were analyzed using a GC-MS/FID (Figure 6-10 and Table
6-9). Five distinct distillation steps were identified that could potentially allow for the
separation of high-value chemicals. (1) At 5 and 10 vol% distilled, methanol was the
dominant compound along with water. (2) At 20 and 30 vol% distilled, the methanol
content decreased and acetic acid and acetol dominated, particularly at 30 vol%, after
the removal of water (23.7 wt% of total FPBO). (3) At 40 vol% distilled, acetic acid and
acetol were still present, as well as glycolaldehyde and light phenols, such as guaiacol.
(4) At 50 vol% distilled, only phenols were identified and at 60 vol% distilled a shift to
high BP phenols occurred. (5) Large amounts of anhydrosugars, such as levoglucosan,
were present in the 65 vol% distilled sample along with very high BP phenols and vanil-
lin. Glycolaldehyde, acetic acid, acetol, guaiacol, and levoglucosan have been identified
as high-value chemicals for a variety of applications including food, pharmaceutical,
pesticide, surfactant and polymer production [43,48—-54]. Applications for the distilla-
tion residue have been studied by Elkasabi et al. [55]. Small traces of methanol, acetic
acid, and furfural have been identified in high DVF samples while glycolaldehyde was
only found in the 30 and 40 vol% samples. This is potentially due to the polymerization

and thermal cracking of FPBO compounds at higher distillation temperatures yielding
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small MW compounds such as methanol, acetic acid, and furfural. Moreover, these
components show more associating effects with other FPBO compounds, decreasing

their separation selectivity.



Chapter 6 — Thermodynamic model of fast pyrolysis bio-oil advanced distillation curves 188

neat oil
5 vol%
Al . A
10 vol%
| NP ~ A
0,
L | 20 vol%

Millivolts

ol A ’ | | 30 vol%

f h l L 40 vol%

50 vol%

. I L 60 vol%

bbb 1, G5 VOl
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
Retention time (min)

Figure 6-10: Vacuum advanced distillation curve of fast pyrolysis bio-oil composition

data GC-FID results (run 3) component names and area% in Table 6-9
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Table 6-9: GC-FID peaks with retention time (RT) and area% for each volume fraction

and the whole oil

Peak No. Surrogate No. RT Component 5% 10% 20% 30% 40% 50% 60% 65 % |whole oil
1.1 Unknown 0 00 00 00 0.0 00 00 00 00 0.0
1.4 Unknown 1 20 06 00 0.0 00 00 00 00 0.1
2 2 1.5 Methanol 41.1 251 40 1.1 03 02 04 0.6 1.1
2.2 Unknown 3 266 3.1 02 01 00 00 0.1 0.1 0.7
4.2 Unknown 4 28 0.8 13 04 02 02 00 00 0.6
3 3 5.5 Glycolaldehyde 00 00 00 32 7.1 00 00 00 5.8
6.5 Unknown 5 00 00 00 02 07 03 00 00 0.6
4 4 6.9 Acetic acid 0.0 383 48,6 307 72 19 2.0 32 7.0
5 5 7.7 Acetol 0.0 16.7 365 31.0 126 33 00 00 7.9
6 6 10.2 Furfural 00 00 00 14 07 02 00 06 0.4
7 7 11.0 2-Furfurylalcohol 00 00 00 29 51 22 15 03 2.0
8 12.1 2,3-Butanedione 00 00 00 33 6.7 36 10 00 3.6
9 12.7 2-Acetylfuran 00 00 00 7.8 65 1.7 05 00 3.0
10, 12, 14 14.3 3-Methyl-2,5-furandione 0.0 0.0 0.0 4.5 12.7 10.8 3.6 2.8 6.4
11,13 15.4 5-Methyl-2-furaldehyde 0.0 0.0 0.0 3.6 49 3.6 26 1.8 4.8
15 16.9 (SH)-Furan-2-one 0.0 00 0.0 1.1 55 113 6.6 49 3.8
16 8 17.5 Guaiacol 00 00 00 31 91 90 36 72 5.0
17 18.2 3-Hydroxymethyfurfural 0.0 0.0 0.0 03 22 57 4.0 3.0 2.0
18 9 18.6 4-Methyl-guaiacol 00 00 00 1.7 81 125 6.0 59 6.2
19 10 18.8 4-Ethyl-guaiacol 0.0 00 00 00 1.0 3.8 143 38 2.9
20 19.5 4-Vinylguaiacol 0.0 00 00 03 21 48 33 83 2.3
21 11 20.0 Eugenol 00 00 00 05 20 56 33 32 3.7
22 12 20.2 4-Propyl-guaiacol 00 00 00 00 18 59 80 23 3.1
20.7 Unknown 6 0.0 00 00 0.0 09 38 52 45 2.1
23 13 21.2 Syringol 0.0 00 00 01 15 59 137 5.7 6.7
24 21.5 4-Methyl-syringol 00 00 00 00 01 1.1 65 3.6 34
21.9 Unknown 7 0.0 00 00 00 00 06 18 1.8 1.3
25 14 22.1 Vanillin 0.0 00 00 0.0 00 04 40 74 1.9
26 22.5 4-Ethylsyringol 0.0 00 00 0.0 00 04 27 43 1.9
27 22.9 4-Allylsyringol 0.0 00 00 00 00 02 11 19 1.4
28 23.1 Syringaldehyde 00 00 00 0.0 00 00 08 40 0.0
29 15 23.2 Levoglucosan 0.0 00 00 0.0 00 01 19 164| 55
26.1 IS Fluoranthene 274155 93 27 12 1.0 15 27 2.8
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6.4.5 Bulk fuel property prediction

Table 6-6 compares the bulk fuel properties: heating value, heat capacity, flash point,
viscosity, and density predicted with the VMGSim™. The average molecular weight

was predicted to be 52.7 g/mol, and the heat capacity (cp) was 111.0 kJ/kmolK.

The MW is potentially underestimated due to the selection of the pyrolytic lignin surro-
gate (3,4,4’-biphenyltriol). Elliott et al. determine the average MW of pyrolytic lignin
(water-insolubles, 3-29 wt% of FPBO on wet basis) to be 1000-2500 g/mol [10] com-
pared to 200 g/mol for 3,4,4’-biphenyltriol. However, MW could not be determined ex-
perimentally. Density (by 7%) and viscosity (by 90%) were underestimated potentially
due to the lower complexity, MW, and density of the pyrolytic lignin surrogate. HHV

was overestimated by 16% due to the reduced oxygen content of the surrogate mixture.
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6.5 Conclusions

ADC of our FPBO compares well with Harries ADC after correction for water content
(offset procedure). V-ADC improved distillable fraction to 72 vol% compared to

55 vol% at atmospheric conditions by limiting polymerization reactions at high temper-
atures. The selected surrogates (Table 6-1) behave well in prediction of ADC and V-
ADC. The presented thermodynamic model can be used to identify the role of specific
components on the overall FPBO volatility and other fuel properties such as HHV, vis-
cosity and density). These results can then be applied to FPBO upgrading work (e.g. in
condenser design, co-processing, and blending) to increase or decrease the composition
of selected target components. The distillation curve relates to several operational pa-
rameters, including engine starting ability, vehicle drivability, fuel system icing, vapour

lock, fuel injection schedule, and autoignition [19].
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7.1 Conclusions

Enhancing FPBO quality and stability while recovering high-value chemicals is desira-
ble to expand FPBO applications from heating to transport fuel. The most fundamental
upgrading need is deoxygenation, preferably through decarboxylation or dehydration.

Decarbonylation should be avoided to increase the carbon and hydrogen (energy) yield.

In this work a review of methods to enhance FPBO was done. In general, upgrading re-
quires a balance of mass and energy yields, FPBO oxygen content, carbon loss, and hy-
drogen demand, as well as feed/production and product cost. Catalysts required for cata-
lytic pyrolysis and liquid upgrading and the operation of catalytic reactions are often ex-
pensive (high temperature and pressure). To improve the economics of the pyrolysis
process and enhance the oil and biochar quality the co-processing of the biomass with
additives in the form of by-products from the fisheries and/or mining industry to en-
hance oil and char quality was studied in a screening analysis of co-pyrolysis with
shrimp residues, mussel shells, and red mud both in-sifu and ex-situ. Preliminary experi-
ments indicate that red mud is not a viable additive for fuel applications due to cracking
of high molecular weight compounds leading to high water content. Oil produced with
shrimp shell additive showed nitrogenous compounds that would cause issues in refin-
ing and blending application of the pyrolysis oil. Mussel shells (95 wt% CaCO3) as a

co-pyrolysis additive showed the most promising results.

Co-pyrolysis of softwood with MS reduced oxygen in FPBO via decarboxylation and
reduction of carboxylic acids to ketones with CaCO3 as well as dehydration. Optimal

conditions minimizing the acetic acid content while maximizing the yield of oil were at
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500-525 °C with low sweep gas flow rate (50 mL/min) and 25 wt% MS loading
(in-situ). At 525 °C with 50 wt% MS loading, TAN was reduced from 67 to 48-56
mgNaOH/gOil and oxygen from 38 wt% to 30 wt% compared to no MS addition. The
MS increased the water content, decreasing the overall HHV while still producing a one
phase oil. However, a small increase in the HHV of the water free oil, as well as a re-
duced TAN and oxygen content confirm MS favouring deoxygenation reactions through
dehydration and decarboxylation in both operational modes. A maximum of nitrogen in
the dry oil was reached at 525 °C and 50 wt% MS. The nitrogen originates from the or-

ganics (5 wt%) in the MS and can limit fuel applications due to nitrous oxide emissions.

In-situ biochars are not suitable as a solid fuel due to dilution with non-combustible MS
reducing the HHV and resulting in high ash content. The pH increased from 7 to 9 with
50 wt% MS loading making it suitable as a soil amendment for acetic soils. Higher
value applications such as acidic gas adsorption could be investigated due to the intro-
duction of new N and O containing functional groups. Post-synthetic modification of
FPBO and biochar is costly, in-situ modification, as demonstrated in this thesis, is a
faster, more efficient alternative. Compared to the market price of the pyrolysis oil and
biochar products, using commercial catalysts in upgrading is econcomically challeng-
ing. Instead, naturally occurring alternative co-pyrolysis additives such as MS should be
considered. Additives that pose a disposal task to their respective industries with similar
chemical make-up compared to suitable catalysts are favourable. If co-pyrolysis addi-

tives enhance pyrolysis oil as well as char quality, and if the additives are incorporated
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within the char, an additional separation step is not necessary decreasing operational

cost further compared to catalytic upgrading processes.

Understanding FPBO volatility further improves oil upgrading. A thermodynamic
model was developed requiring little input data (water and solid content and GC analy-
sis of the bulk oil, and vol% distillation residue). Surrogates were selected representa-
tive to the boiling point range and functional groups of FPBO. More complex models
could potentially give more detailed and flexible results, but it would be difficult to ob-
tain data required to run the model (e.g. interaction parameters). Vacuum advanced dis-
tillation curve (V-ADC) experiments improved distillable fraction to 72 vol% compared
to 55 vol% at atmospheric conditions by limiting polymerization reactions at high tem-
peratures. The presented thermodynamic model can be used to identify the role of spe-
cific components on the overall FPBO volatility (and other fuel properties such as en-
thalpy (heating value, heat capacity, flash point), flow properties (viscosity, density),
and average molecular weight). These results can then be applied to FPBO upgrading
work (e.g. in condenser design, co-processing, and blending) to increase or decrease the
composition of selected target components. Moreover, it was found that FPBO can be
distilled in 6 fractions to recover value-added chemicals: (1) methanol and water; (2)
acetic acid, acetol, and remaining water; (3) glycolaldehyde and light phenols; (4) phe-

nols; (5) anhydrosugars; and (6) distillation residue (mostly carbon).

Biomass use for renewable fuels should be limited to rural areas where no renewable al-
ternatives exist and applications with high GHG/CO: mitigation potential. Co-pyrolysis

of forestry or sawmill with waste mussel shell for FPBO and biochar production is a
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good opportunity for rural Newfoundland. However, incentives are needed to grow a

market for pyrolysis products.
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7.2 Recommendations for future work

More work is required investigating reaction mechanisms, particularly identifying pos-
sible catalytic reactions when mussel shells are used as a co-pyrolysis additive to
enhance liquid and char properties. A comprehensive comparison to synthetic catalysts,
investigation of the nitrogen-containing components in the FPBO produced from co-py-
rolysis of wood and MS, and a techno-economic feasibility study are needed. The MS
additive should be compared to other additives such as reagent grade CaCO3, CaOH, or

NaOH.

The co-pyrolysis process investigated here could be scaled up to the auger reactor.
However, mussel particle residue in the steel shot heat carrier and possible build-up in

the reactor should be considered for possible scale-up applications.

For V-ADC experiments, the vacuum should be increased slightly (e.g. to 15 kPa) for
future experiments because the vapour pressure of methanol is 12.8 kPa at 20 °C and
16.96 kPa at 25 °C [1]. At 5 kPa most of the methanol is lost, and sampling of the first
drop was difficult at ambient temperatures due to evaporation of the sample in the sy-
ringe. Moreover, Ortiz et al. introduce a factor to account for equipment hold-up and
time delay in their simulations that could be applied to future simulations, improving
the agreement of experimental and simulated values [2]. The ADC model could be re-
placed with a more complex model that could potentially give more detailed and flexi-
ble results, but it would be more difficult to obtain data required to run the model (e.g.

interaction parameters). Trajectory optimization could be used to improve the model
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(surrogate mixture composition) [2,3]. The model could possibly be improved by meas-
uring boiling point elevations to determine binary interaction parameters for binaries
containing solids. Here they were assumed to be zero. Finally, the surrogate mixture

could also be used for other modelling work, such as corrosion models.

V-ADC with the addition of mussel shells could be considered to upgrade (dehydration,
deoxygenation, decarboxylation) the oil during distillation [4]. Three fractions could be
selected: low boiling point aqueous phase, upgraded pyrolysis oil, and distillation resi-
due (including mussel shell). Possible applications could be chemicals or fuel for fuel

cells; heating fuel; and soil amendment or adsorbent, respectively.
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