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Abstract

This Ph.D. thesis describes the experimental investigations of the high-temperature heat

treatment without oxygen (pyrolysis) of biomass. Charcoal is considered as an alternative

feedstock in metallurgy to reduce the greenhouse gas emissions by substituting fossil fuels,

i.e. coal, petcoke and metallurgical coke. High temperature pyrolysis plays an important

role in ferroalloy industries since the feedstock composition, time-temperature history and

reaction environment affect the properties of charcoal. The solid residue yield and the

properties of charcoal, such as fixed carbon yield, reactivity and electrical resistivity are

important parameters for the use of biomass as a CO2 neutral reducing agent.

Biomass pyrolysis experiments were performed in a laboratory-scale slow pyrolysis re-

actor and high-temperature furnaces to investigate the effect of primary and secondary

heat treatment, biooil conditioning and wood type on the charcoal yield, chemistry, mor-

phology and reactivity towards CO2 using thermogravimetric analysis (TGA). In the

present study, Norway spruce and sessil oak were used as a feedstock.

The charcoal yield decreased with increasing heat treatment temperature, whereas the

fixed carbon yield was nearly constant at temperatures up to 900◦C. However, greater heat

treatment temperatures led to the decrease in a fixed carbon yield. Likewise, the carbon

content increased with increasing heat treatment temperature, indicating the removal of

oxygen and hydrogen containing species. Spruce charcoal showed a greater fixed carbon

yield than oak charcoal, due to the greater carbon content in original spruce. However,

the spruce charcoal exhibited a greater oxygen content, whereas the ash content of oak

charcoal was twice greater than that of spruce charcoal. Secondary heat treatment of

charcoal samples further decreased the charcoal yield. The ash composition and residence

time influenced the charcoal reactivity less than the heat treatment temperature.

The co-pyrolysis of biomass with biooil decreased the CO2 reactivity approaching that

of metallurgical coke. It was also shown that the reactivities of charcoal from high tem-

perature pyrolysis (2400-2800◦C) were similar to those of metallurgical coke emphasizing

3



       

the importance of graphitizing temperatures on the charcoal behavior. Graphitization of

charcoal increased with the increasing heat treatment temperature, leading to formation

of graphitizing carbon. Moreover, the heat treatment temperature and CO2 concentration

affected the biomass reactivity stronger than the feedstock origin and biooil condition-

ing. The influence of heat treatment temperature was less pronounced at temperatures

less than 1600◦C. Results showed that charcoal from pyrolysis of spruce and oak has

a similar reactivity at all heat treatment temperatures. The oak charcoal prepared at

1600◦C contained long and flat graphene layers and interplanar distance that is simi-

lar to graphite and thus, was more ordered than the spruce charcoal. The transmission

electron microscopy (TEM) analysis showed that charcoal had structural characteristics

of non-graphitizing carbon. Thus, increasing heat treatment temperature increases the

graphitization of charcoal structure, leading to the reactivity that is nearly similar to that

of low reactive metallurgical coke.

Pre-treatment of biomass can increase the efficiency of pyrolysis process. The super-

critical CO2 (scCO2) extraction enables the extraction of more than half of value-added

compounds without any significant influence on the physical properties of the charcoal.

The scCO2 extraction decreased the O/C ratio of wood, and thus, improved the struc-

ture ordering of charcoal. The decrease in oxygen content enhanced the coalescence of

crystallites and thus, enhanced the charcoal graphitization, whereas the remaining oxygen-

containing functional groups hindered the alignment of charcoal graphitic layers during

the high temperature pyrolysis. Thus, the oak charcoal from pyrolysis at 1600 ◦C showed

more graphitic structure with smaller interplanar distance and longer graphene layers

compared to less ordered spruce charcoal. Based on the less graphitic structure of spruce

charcoal, it was expected that the CO2 reactivity of spruce charcoal was greater than that

of oak charcoal. However, the reactivity of spruce and oak charcoal in CO2 was similar.

In the present work, biooil was successfully used as a binding agent for the produc-

tion of charcoal-based pellets. The separation of the water phase increased the organic

fraction of the binder, resulting in an increased density of charcoal-based pellets. The

weight ratio of 65:30 of charcoal to biooil without water was used to produce pellets

with acceptable mechanical properties. The secondary heat treatment of the charcoal-

based pellets improved its hardness, but decreased the durability. Biooil decomposed and

formed a polyaromatic coke structure during high-temperature pyrolysis. The reactivity

of charcoal-based pellets was similar to that of heat treated charcoal-biooil blend, indicat-

ing that pelleting does not affect the reactivity towards CO2 due to the devolatilization

of the light fraction and the pore growth inside the pellet. The mechanical stability of





 

manganese composite charcoal pellets decreased after the manganese-ore was reduced by

the carbon in the pellet. A large internal area was formed in the pellet which contained

carbonaceous charcoal matrix and metal slag after the high-temperature pyrolysis. That

increases the value of renewable charcoal-based pellets for the use in ferroalloy industries.

Overall, the pelletizing with biooil had the greatest influence on the electrical resis-

tivity at temperatures greater than 900 ◦C. The effect of heat treatment temperature on

charcoal particles was stronger at low and intermediate heat treatment temperatures be-

fore the basic structural units reorganized and coalesced. Charcoal particles produced at

heat treatment temperatures ≥ 1300 ◦C showed a similar electrical resistivity to metallur-

gical coke (10 mΩm), in which the biomass origin showed no influence on the electrical

resistivity. Likewise, dielectric losses were enhanced by increasing heat treatment tem-

perature. The electrical resistivity was increased by pelletizing the comminuted charcoal

with bioooil as a binder. The production of charcoal based pellets with biooil as a binder

showed great promise for producing renewable reducing agents with a high electrical re-

sistivity and low CO2 reactivity.







Abstrakt

Avhandlingen beskriver biomasse behandlet ved høy temperatur. Trekull har blitt vurdert

som et alternativt r̊amateriale innen metallurgi for å redusere klimagassutslippene ved å

erstatte fossile brensler, dvs. kull, petroleumkoks og metallurgisk koks. I ferrolegeringsin-

dustri vil pyrolyse ved høy temperatur være viktig siden r̊astoffsammensetningen, tid,

temperatur og reaksjonsmiljøet p̊a- virker egenskapene til trekullet. Faststoffmengde, og

egenskapene til trekull, slik som andel fast karbon, reaktivitet og elektrisk resistivitet, er

viktige parametere i forbindelse med anvendelse av biomasse som et CO2-nøytralt reduk-

sjonsmiddel.

For å undersøke effekt av primær og sekundær varmebehandling, bio-oljebehandling

og treslag, ble pyrolyse av biomasse i forhold til trekullutbytte, kjemi, morfologi og reak-

tivitet mot CO2 ved bruk av termogravimetrisk analyse (TGA) utført. Eksperimentene

ble utført i laboratorieskala med en langsom pyrolysereaktor og høytemperaturovner. I

denne studien er norsk gran og vintereik brukt som r̊astoff.

Trekullutbyttet ble redusert med økende varmebehandlingstemperatur. Fast kar-

bonutbytte var tilnærmet konstant ved temperaturer opp til 900 ◦C. Imidlertid førte

høyere varmebehandlingstemperaturer til en reduksjon i fast karbonutbytte. P̊a samme

måte økte karboninnholdet med økende varmebehandlingstemperatur, hvilket indikerer

fjerning av oksygen og hydrogenholdige forbindelser. P̊a grunn av at karboninnholdet

var høyere karboninnholdet i originalgran viste grankull et større fast karbonutbytte enn

eikekull. Trekull fra gran hadde et høyere oksygeninnhold og askeinnholdet til eikekull

var to ganger større enn for kull fra gran. Sekundær varmebehandling av kullprøver

reduserte trekullutbyttet. Askesammensetningen og oppholdstiden p̊avirket trekullreak-

tiviteten mindre enn varmebehandlingstemperaturen.

Kombinert pyrolyse av biomasse med bioolje reduserte CO2 reaktiviteten slik at den

nærmet seg metallurgisk koks. I tillegg viste det seg at reaktiviteten til kull fra høy-

temperatur pyrolyse (2400-2800 ◦C) ligner p̊a metallurgisk koks, som understreker betyd-
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ningen av grafittiserende temperaturer p̊a reaksjonen til trekullet. Grafittisering av trekull

økte med økende varmebehandlingstemperatur, som igjen førte til dannelse av grafittisk

karbon. Varmebehandlingstemperatur og CO2 konsentrasjon p̊avirket reaktiviteten til

biomassen sterkere enn r̊avarens opprinnelse og kondisjonering med bioolje. Effekten av

varmebehandlingstemperaturen var mindre tydelig ved temperaturer under 1600 ◦C. Re-

sultatene viste at trekull etter fra pyrolyse av gran og eik har en lignende reaktivitet

ved alle varmebehandlingstemperaturer. Eikekullet som ble produsert ved 1600 ◦C in-

neholdt lange og flate grafittlag med avstander mellom lag som ligner p̊a grafitt. Med

andre ord var eikekullet mer velordnet enn grankullet. Transmisjonselektronmikroskopi

(TEM)-analysen viste at trekull hadde strukturelle egenskaper som ikke-grafittiserende

karbon. En økning i varmebehandlingstemperaturen medførte en økning i grafitiseringen

av trekullstrukturen. Dette ledet til en reaktivitet som var tilnærmet lik lavreaktiv met-

allurgisk koks.

Forbehandling av biomasse kan øke effektiviteten til pyrolyseprosessen. Superkritisk

CO2 (scCO2) -utvinning gjør det mulig å utvinne mer enn halvparten av verdiøkende

forbindelser, uten noen signifikant p̊avirkning p̊a kullets fysiske egenskaper. ScCO2-

utvinningen reduserte O/C-forholdet i tre, og forbedret dermed strukturen til trekullet.

Reduksjonen i oksygeninnhold økte koaliseringen av krystallitter og forbedret dermed

trekullgrafitteringen, mens de gjenværende oksygenholdige funksjonelle gruppene hindret

ordningen av kullgrafittlaget etter høytemperatur pyrolyse. Alts̊a viste eikekullet fra

pyrolyse ved 1600 ◦C mer grafittstruktur med mindre avstand mellom lagene, og lengre

grafittlag sammenlignet med mindre ordnet grankull. Basert p̊a den mindre grafittiske

strukturen av grankull, ble det forventet at CO2 reaktiviteten til grankull var større enn

for eikekull. Imidlertid var reaktiviteten til gran og eikkull i CO2 lik.

I dette arbeidet er bruken av bioolje som bindemiddel vellykket for produksjon av

kullbaserte pellets. Separarering av vannfasen økte den organiske fraksjonen i bindemi-

dlet, noe som resulterte i en økt tetthet for kullbaserte pellets. Trekull og tjære i

forholdet (65:30) ble brukt til å produsere pellets med akseptable mekaniske egenskaper.

Sekundær varmebehandling av trekullbaserte pellets forbedret hardheten, men reduserte

den mekaniske holdbarheten. Bioolje ble brutt ned og dannet en polyaromatisk koksstruk-

tur under høytemperatur pyrolyse. Reaktiviteten til trekullbaserte pellets var lik trekull-

biooljeblanding, som indikerer at pelletering ikke p̊avirker reaktiviteten i forhold til CO2

p̊a grunn av devolatiliseringen av flyktige komponenter og poreveksten inne i pelleten. Den

mekaniske stabiliteten til mangan-komposittpellets ble redusert etter at manganmalmen

ble redusert av karbonet i pelleten. Et stort indre omr̊ade som inneholdt karbonholdig





 

karbonmatrise og metallslagg etter høy temperatur pyrolyse ble dannet i pelleten. Det

øker verdien av fornybare kullbaserte pellets for bruk i ferrolegeringsindustrien.

Samlet sett hadde pelleteringen med bioolje størst innflytelse p̊a den elektriske re-

sistiviteten ved temperaturer over 900 ◦C. Effekten av varmebehandlingstemperaturen

p̊a trekullpartikler var sterkere ved lave og mellomliggende varmebehandlingstempera-

turer, før de grunnleggende strukturelle enhetene i karbonet i pelleten ble omorganisert

og sammenblandet. Trekullpartikler som er produsert ved varmebehandlingstemperaturer

≥ 1300 ◦C, viser at en tilsvarende elektrisk resistivitet som metallurgisk koks (10 mΩm).

Biomassens opprinnelse ikke viste noen p̊avirkning p̊a den elektriske resistiviteten. P̊a

samme måte ble det dielektriske tapet redusert ved å øke varmebehandlingstemperaturen.

Den elektriske resistiviteten ble økt ved å pelletere det komprimerte trekullet med bioolje

som bindemiddel. Produksjon av trekullbaserte pellets med bioolje som bindemiddel

virker lovende for fremstilling av fornybare reduksjonsmidler med høy elektrisk resistivitet

og lav CO2 reaktivitet.







Chapter 1

Introduction

1.1 Background

Climate change caused by mankind is considered as one of the major issues of the 21st

century. The global temperature increase is caused by anthropogenic CO2 emissions [1],

resulting in an advancement of spring events [2], changes in biodiversity [3–5] or increasing

heatwaves which might lead to environmental disater [6, 7]. The concentration of CO2

increased from 316 ppm in 1960 to 406 ppm in 2017 [8], in which the global average tem-

perature increased by about 0.7 ◦C. More than half of the anthropogenic greenhouse gas

emissions (aGHG) are emitted from transport, industrial processes or power stations [9],

where about 20 % points of the anthropogenic CO2 emissions are emitted from the indus-

try. To reduce aGHG emission, the European Parliament and the council of the European

Union passed the mandatory target of 20 % share from renewable energy sources in the

final energy consumption by 2020 [10]. The Norwegian Climate Policy committed am-

bitious objectives to cut the global emissions of greenhouse gases equivalent to 30 % of

Norway’s emissions in 1990 and be carbon-neutral in 2050 [11]. Thus, the reduction of the

anthropogenic greenhouse gas emissions is one of major tasks in the upcoming decades

[12].

The metallurgical industry contributes to about 10 % of the total CO2 emissions or 22 %

of the total industrial CO2 emissions worldwide [13]. To fulfill upcoming national reg-

ulation, metallurgical industry must reduce the total CO2 emissions by more effective

processes, carbon capture and storage (CCS) or renewable carbon sources. Biomass and

its derivatives are considered as CO2 neutral, because the regeneration time (< 100 years)

has no net effect on the biosphere’s carbon concentration, due to the closed carbon cycle

without a disposal of additional CO2 emissions. While charcoal is used in steelmaking

industry in Brazil to replace about 11 % of mineral coke [14], most companies in the EU

continue to rely on fossil based reducing agents due to the limited knowledge of biocarbon
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properties and knowledge gaps in the process conditions required to produce biocarbon

with acceptable reactivity at low costs. To retain the high throughput and quality of

the products, specific properties are demanded for the fuels and reducing agents. Highly

reactive and mechanically stable reducing agents are required in blast furnaces, while low

reactive reducing agents are desired in iron sintering processes, whereas the mechanical

strength is of less importance [15, 16]. In contrast to the metallurgical coke used in blast

furnaces and ferroalloy production, renewable reducing agents produced from biomass

contain less fixed carbon and provide a greater percentage of volatile matter, and thus,

may need to be graphitized prior to its use as a reducing agent [17]. Metallurgical pro-

cesses can require a minimum fixed carbon content of 90 to 95 % [18], while charcoal

produced at temperatures between 450 and 550 ◦C provides fixed carbon contents < 85 %

[19–21]. The increase in heat treatment temperature during pyrolysis results in the fur-

ther char decomposition and volatile matter release, leading to the greater fixed carbon

content [18]. A fixed carbon content of 86.6 % was reported for pinewood char pyrolyzed

at 550 ◦C with 1 h of soaking [22], while heat treatment temperatures > 850◦C lead to the

fixed carbon content > 85 % for chars produced from agricultural residues [23].

The optimization of charcoal properties and the usage of renewable reducing agents in

metallurgical industry has deserved much attention in the recent years, which are directed

to an improved furnace operation, reduced power supply in electric arc furnaces (EAF)

and a reduction of aGHG emissions. Through improved characterization of the charcoal

properties and charcoal compacting, it will be possible to replace larger fractions of fossil

fuels in metallurgy and enable the usage of renewable reducing agents in submerged-arc

furnaces of the manganese production.

1.2 Project objectives and scope

The work presented in this thesis aimed to develop a novel scientific framework for the

efficient conversion of woody biomass into renewable reducing agents used in submerged-

arc furnaces. The aim of this PhD project has been 1.) to investigate the influence of a

primary and secondary high-temperature heat treatment on the charcoal yield and prop-

erties, in particular at temperatures above 900 ◦C using lab scale reactors 2.) to improve

the understanding of the CO2 reactivity in dependence of the heat-treatment temperature

and gas concentration 3.) to investigate the utilization of the liquid byproducts as efficient

binder for charcoal pelletization and (4) to study the properties of charcoal-based pellets

during the reduction of silicon oxide and manganese oxide. The following chapters of this

thesis describe the main results.





 

• Chapter 2 is a brief literature review of different aspects related to charcoal produc-

tion and application in metallurgical industry.

• Chapter 3 describes the lab-scale reactors and instrumentation for the product char-

acterization (charcoal + biooil).

• Chapter 4 describes the major results of the present work, whereas sections specifi-

cally present the material that was published or submitted to journals:

– Section 4.1 concerns the experiments performed in a slow pyrolysis retort with

the aim of investigating the effects of primary and secondary heat-treatment

and biooil conditioning on the product yields.

– Section 4.2 describes the effect of heat-treatment temperature on the gasifica-

tion reactivity, nanostructure and carbon chemistry of the charcoal produced

at slow heating conditions.

– Section 4.3 presents the morphology, organic structure and reactivity under

oxidation and gasification conditions for heat treatment temperatures above

1300 ◦C.

– Section 4.4 deals with the effect of an upstream supercritical carbon dioxide

extraction on the charcoal properties.

– Section 4.5 presents the experimental work on the properties of charcoal-based

pellets during the reduction of silicon oxide and manganese oxide

• Chapter 5 discusses the main findings

• Chapter 6 summarizes the results of the preceding chapters.

• Chapter 7 gives suggestions for the future work.

The manuscript is based on five articles submitted to scientific journals which were sorted

by the chapter thematically. The submitted articles are listed below. A graphical repre-

sentation is shown in Figure 1.1.





       

Figure 1.1: Process chain for charcoal pellet production

1. ’Characterization of renewable reductants and charcoal-based pellets for the use in

ferroalloy industries’ by Gerrit Ralf Surup, Tore Vehus, Per-Anders Eidem, Anna

Trubetskaya and Henrik Kofoed Nielsen published in Energy (2019)

2. ’Characterization and reactivity of charcoal from high temperature pyrolysis (800-

1600 ◦C)’ by Gerrit Ralf Surup, Henrik Kofoed Nielsen, Markus Heidelmann and

Anna Trubetskaya in Fuel (2019)

3. ’The effect of feedstock origin and temperature on the structure and reactivity of

char from pyrolysis at 1300-2800 ◦C’ by Gerrit Ralf Surup, Manuel Foppe, Daniel

Schubert, Rüdiger Deike, Markus Heidelmann, Michael T. Timko, Anna Trubet-

skaya published in Fuel (2019)

4. ’The effect of wood composition and supercritical CO2 extraction on biochar pro-

duction in ferroalloy industries’ by Gerrit Ralf Surup, Andrew J Hunt, Thomas

Attard, Vitaliy L Budarin, Fredrik Forsberg, Mehrdad Arshadi, Victor Abdelsayed,

Dushyant Shekhawat and Anna Trubetskaya submitted to Energy

5. ’Characterization of charcoal-based composite pellets for the use in ferroalloy in-

dustries’ by Gerrit Ralf Surup, Henrik Kofoed Nielsen, Marius Großarth, Rüdiger

Deike, Jan Van den Bulcke, Pierre Kibleur, Iván Josipovic, Elena Yazhenskikh,

Sergey Beloshapkin and Anna Trubetskaya submitted to Energy
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Chapter 2

Literature research

This chapter is a brief literature review of different aspects for the usage of renewable

reducing agents in the metallurgical industry. Section 2.1 gives an overview of the woody

biomass structure, its composition and thermochemical conversion products. In section 2.2

the different types of metallurgical processes are discussed, while section 2.3 is dedicated

to the reducing agents used in industrial furnaces for the production of pure metals.

The charcoal production processes and mechanism are summarized in section 2.4 and

section 2.5. The chapter summarizes the current state of knowledge of the charcoal used

as a reducing agent in ferroalloy industries.

2.1 Definitions

The definitions of the feedstock and pyrolysis products used in the thesis are summarized

in this section. Different definitions are used in literature for same products, since no pre-

cise definition exist for the products of thermochemical conversion processes. The solid

product should be efficient to substitute highly carbonized materials, like coke used as a

reducing agent in metallurgical industry. Therefore, the feedstock and solid product must

provide specific properties, such as a high carbon content and low ash content. As a possi-

ble feedstock, only vegetable biomass was reviewed, in particular wood and residues from

wood industry. Co-products from cereal production are considered as possible feedstock

for thermochemical conversion processes, but the potential in Norway is small compare

to the resources of wood.

2.1.1 Biomass

The chemical composition and structure of softwood and hardwood were reviewed in this

chapter, since biomass type and its properties have an influence on the biomass conversion

process, final product composition and properties. The biomass selection was based on
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the available biomass potential and the findings from the literature review. Norway spruce

(45 % of the forest), Scots pine (30 % of the forest) and birch tree (16 % of the forest) are

the most dominant types of wood in Norway [1].

The chemical composition depends on several factors. Beside the type of biomass, distinct

biological diversity, geographical origin, harvesting season and post-processing can have

an influence on the properties of the biomass [2–4]. Vassilev et al. summarized that

biomass is significant different from coal, where biomass ash is highly enriched in alkali

and alkaline earth metal [3]. It will be shown in the following sections that the chemical

composition of the biomass has a crucial influence on the pyrolysis process and properties

of renewable reducing agents.

2.1.2 Composition of wood

There are different definitions to distinguish between softwoods (gymnosperms) and hard-

woods (angiosperms). The botanical classification is based on the tree seed, in which the

softwood seed is naked and hardwood seed is covered [2]. Hardwoods contain vessels, as

shown in Figure 2.1, which do not occur in softwoods. A technical definition is executed

by its gross density, in which wood species with a gross density less 550 kg m−3 are ac-

counted for softwoods, respectively larger 550 kg m−3 for hardwoods [5]. By rule of thumb,

softwoods are evergreen trees while hardwood trees shed their leaves.

(a) Softwood (b) Hardwood

Figure 2.1: Schematic structure of (a) softwood and (b) hardwood [6]

The main structure of wood can be divided into heartwood, sapwood, cambium,

phloem and bark, as shown in Figure 2.2. Heartwood is enriched in extractables and

composed of dead cells, while the adjacent sapwood is build up of the main portion of





  

living cells. New wood is formed in the vascular cambium, and inner sapwood is con-

verted to heartwood over time. Between 60 and 90 % of the wood volume are comprised

by conducting and supporting cells, whereas 10 to 40 % of the volume are sapwood [2].

The phloem is a part of the inner bark. The outer bark is formed by cells which are

impregnated with suberin, shortly dying after these are build [7].

Outer bark

Inner bark

Growth 
rings

Heartwood

Pith
Vascular 
cambium

Sapwood

Medullary 
ray

Figure 2.2: Cross section of sessile oak wood Quercus petraea [8]

The size of the annual rings varies and depends on the growth conditions [7]. This

characterizes the early and late wood, in which the cells from early wood have a larger

cross-sectional area with a thin wall and larger lumen compared to the late wood [2]. The

early wood can be distinguished by its color, where the light portion is the early wood

with a larger diameter in radial direction and thin walls, whereas the darker late wood

is composed of cells with smaller diameter and thicker walls, leading to a less effective

conduction, but a more stable structure which contributes to the stability of the stem [9].

Softwood and hardwood are classified by cell type and structure. Softwood is mainly

composed of two cell types; longitudinal tracheids and transverse parenchyma, in which

about 90 % of the volume is constituted to longitudinal tracheids, respectively 10 % to

parenchyma cells [2]. The longitudinal tracheids are the largest cells in softwood, in

which these cells are about 100 times longer than wide. The main purpose is the water

conduction and the transport of dissolved minerals throughout the softwood, where the

water passes from one tracheid cell to the next by pits. Due to the large proportion of

tracheid cells in softwood, chemical and physical properties are mostly determined by this

cell type [2].

In comparison, most hardwoods are comprised of vessel segments, fibers, transverse and

axial parenchyma. Parenchyma cells are also called rays [7]. The largest cells in hard-

wood are vessel segments with a length of 8 to 10 times of its width, which perform the

conduction of water. The transport from cell to cell is carried out in perforation plates

between the cell walls. Fibers provide additional support to the mechanical stability of





       

the wood, in which an increasing percentage volume of fibers can result in a higher density

of the wood [7]. Fibers are abundant in oak (Quercus), and parenchyma cells are used

by the tree to store food in cells. A schematic structure of softwood and hardwood is

shown in Figure 2.1. Due to the different cell types and growth direction, wood provides

an anisotropic structure resulting in the up to 104 times higher permeability to gas flow

along the grain than in the cross section of the grain [10].

The internal cell wall of softwood and hardwood is mainly composed of cellulose, hemi-

cellulose and lignin, contributing to 95 to 98 % of it, whereas extractives account to 2 to

5 % [2]. Cellulose contains up to several thousand of linked β-(1→4)-D-glucose, as shown

in Figure 2.3 (a) [7]. Hemicellulose contains multiple sugar units of xylan, glucuronoxy-

lan, arabinoxylan, glucomannan, and xyloglucan. A partial structure of hemicellulose is

shown in Figure 2.3 (b). The polysaccharides (cellulose and hemicellulose) in woods are

also summarized as holocellulose [11]. Lignin consists of non-carbohydrate compounds

or monolignols which include paracoumaryl alcohol, coniferyl alcohol and sinapyl alcohol.

Lignins provide structural strength and sealing of the water-conducting system that links

roots with leaves, and protect plants from degradation. Lignin occurs throughout the

plant cell wall, yet is largely concentrated in the primary cell wall and middle lamella

[7]. While hardwood lignins are produced from a similar portion of sinapyl alcohol and

coniferyl alcohol, softwood lignins contain about 10 times more coniferyl alcohol than

sinapyl alcohol precursors, leading to a more cross-linked and stable molecule [2]. The

partial structure of the different components is shown in Figure 2.3.

(a) Cellulose (b) Hemicellulose

(c) Lignin

Figure 2.3: Partial molecule structure of (a) cellulose in the 1,4-β-D-glucopyranose form,

(b) hemicellulose and (c) softwood lignin [11]





  

2.1.3 Charcoal

This section focuses on the definition and main properties of charcoal, whereas the pro-

duction of charcoal is summarized in section 2.4. Charcoal is considered as the solid

product of a partial or complete thermal decomposition of biomass and has been used

by mankind since thousands of years [12]. It contains the unconverted organic solids, the

carbonaceous products and the non-volatile mineral matter. In metallurgical industry,

charcoal was used as the main reducing agent before the industrial revolution, and later

it was replaced by fossil resources like coal and coke.

In literature, there is no precise definition of the term charcoal [13]. Emerich defined char-

coal as the solid residue of non-agglomerating organic matter of biomass (both vegetable

and animal origin) that results from thermal treatment at temperatures above 300 ◦C in

the absence of air [12]. Other scientist defined charcoal as the solid residue from vegetable

biomass [10, 14, 15]. However, these carbonaceous products are also called biochar [16],

especially when they are used as a soil amendment or in the environmental application

[17–20]. Biocoal, char or carbonaceous products are also synonyms found in the literature

[21, 22]. The solid produced from pyrolysis of biomass-coal blend is called biocoke. [23–

26]. Beside charcoal, soot, carbon black and pitch-coke can occur as solid residues from

secondary reactions of the volatile matter. These products are considered as secondary

charcoal in this thesis.

The charcoal yield is highly affected by the process conditions of the pyrolysis, like feed-

stock origin, heating rate, residence time, particle size, pressure and heat treatment tem-

perature [27]. Charcoal yields at selected temperature are maximized at low heating

rates, long residence times and high pressures [28, 29], where increased pressure leads to

an increase in char yield (up to 50 %) with the decreased residence time [30]. Feedstock

origin and pyrolysis operating conditions have a major influence on the physical, chemical

and mechanical properties of the charcoal [31, 32]. Furthermore, the obtained structure

of charcoal is defined by the morphology of the feedstock, as shown in Figure 2.4 [15].

The char structure is affected by high heating rates and small particle sizes, whereas slow

heating rates and large particle sizes result in similar charcoal structure compare to the

original biomass [32]. The charcoal produced from dense hardwoods, such as birch, beech

and oak have a high mechanical strength that is desirable in ferroalloy industries [13]. An

increase in heat treatment temperature and residence time results in an enhanced release

of volatile matter, leading to a more carbonaceous charcoal with lower H/C and O/C

ratios [16, 33]. Moreover, an increase in absolute pressure can decrease the O/C ratio due

to the increased fixed carbon content [34]. The larger carbon content is coherent with

larger carbon clusters and a higher degree of graphitization. However, classical pyrolysis

temperatures at 500 ◦C do not lead to the formation of crystalline structure for the im-





       

provement of thermal and electrical conductivity [35].

Heat treatment temperatures in the range 2000 to 3000 ◦C are required to produce the

crystalline char structure [36]. Chen et al. reported structural changes for coal graphi-

tization in four temperature ranges: 1000-1500 ◦C, 1500-2000 ◦C, 2000-2500 ◦C and 2500-

3000 ◦C, with a tendency of rapid ordering at 1800 ◦C [37]. Similar temperature ranges

were reported by other scientists [38]. The basic structural units reorganize in the tem-

perature range 800 to 1500 ◦C and coalesce in the temperature range 1600 to 2000 ◦C into

disordered wrinkled layers [38]. Above 2100 ◦C these layers become more graphitic [39].

Charcoal produced from woodchips at temperatures above 1000 ◦C contains graphitized

carbon that has a similar structure to the carbon in petroleum coke [40]. However, char-

coal is very different from other highly carbonized compounds such as graphite, since it

has larger surface area and greater absorptive capacity than graphite and carbon black

[15]. An increase in graphitization of the charcoal carbon results in a loss of ohmic resis-

tance [37], which can be disadvantageous for the use in electric arc furnaces. In addition,

the electric conductivity is affected by the packing density, particle size and surface ele-

ments, such as oxygen groups of charcoal [41].

Thus, properties of charcoal can be designed by the selection of biomass type and pro-

cess conditions. Charcoal produced for domestic cooking should provide a volatile matter

content of at least 20-30 %, whereas charcoal for metallurgical application should should

have a fixed carbon content of 85-90 % [13]. Low heat treatment temperatures, such as

torrefaction, improve the specific density for transportation and storage. Byrne and Na-

gle showed that the carbonized wood is 28 % stronger than its biomass precursor [42],

leading to the low production of small particles. However, an additional heat treatment

of biomass samples did not have a significant influence on the final char yield [13].

The mineral matter content and its composition are mainly affected by the biomass ori-

gin and pyrolysis temperature. While most wood species are low in ash content, e.g. less

2 wt.% for spruce and oak, the ash content of herbaceous biomass can be greater than

10 wt.% [43]. With the increased heat treatment temperature, alkali metals (K, P, Ca,

Mg) can accumulate in the charcoal matrix and thus, can increase the final ash content

[44, 45]. These nutrients are also important for the plant growth.

Charcoal exhibits a higher reaction rate in CO2 compared to fossil reducing agents. Xing

et al. determined a 75 % greater reaction rate of charcoal in CO2 compared to a biocoke

[46]. The high reaction rate can be correlated to the formation of amorphous carbon

structures, aliphatic side chains and the larger surface area of charcoal compared to bio-

coke [38]. The high surface area, pore volume and acidity of charcoal affect the catalytic

ability of the charcoal for the different use in ferroalloy industries [47].





  

(a) softwood (b) pyrolyzed softwood

(c) hardwood (d) pyrolyzed hardwood

(e) soot (f) biooil pitch

Figure 2.4: SEM picture of (a) softwood [2], (b) pyrolyzed softwood [48], (c) hardwood [49],

(d) pyrolyzed hardwood [49], (e) soot [50] and (f) biooil pitch [51]

2.1.4 Biooil

The condensed liquid products from pyrolysis of biomass are here called biooil. Other

synonyms are bio-oil, pyrolysis oil, bio-crude, pyrolysis liqid, pyroligneous acid, wood liq-

uid, wood oil and wood distillate [31, 52]. Biomass tar, biotar and pyrolysis tar are also

synonyms for the condensed hydrocarbon fraction produced in biomass pyrolysis [53–55].





       

The yield of liquid pyrolysis products mainly depends on the heating rate, gas residence

time and heat treatment temperature [52, 56, 57]. Particle size, moisture content and

heating rate affect the yield of the biooil by secondary reactions [58]. The greatest yields

of biooil were obtained at moderate and fast heating rates [52]. By the rule of thumb, the

biooil yield is expected to be in the range 40-70 wt.% when small biomass particle sizes at

short residence time are reacted in the temperature range 400 to 600 ◦C [27]. The biooil

and charcoal yields varied from 62 to 68 % and from 11 to 14 % on dry basis, while the gas

yields ranged from 20 to 26 % during the fluidized bed pyrolysis at 500 ◦C and residence

time of 2 s [44].

Biooil is a complex mixture that consists of several hundreds to thousands of different

organic compounds [52, 59, 60]. More than 300 organic compounds have been identified

in biooil from fast pyrolysis [61]. More than 400 different compounds were analyzed by

GC-MS and HPLC-Orbitrap MS with a molecular mass distribution between 100 and

400 Da [59, 62]. Gas chromatography has a recovery rate of 30 to 70 % of the condensate

when these are revaporized [52]. Electrospray Ionization (ESI) and atmospheric pressure

chemical ionization (APCI) were used by Staš et al. to identify compounds in the range of

100 to 450 Da, respectively 100 to 650 Da, in which up to 12 oxygen atoms were detected

in molecules of the biooil [63]. Slow pyrolysis biooils provide a lower oxygen, water con-

tent and lower polarity due to secondary reactions, such as dehydration, decarboxylation

and condensation [64].

The majority of the identified compounds are water, carboxylic acids, aldehydes, ketones,

furfurals, sugar-like material, and lignin-derived compounds, like phenolic compounds

[31, 33, 62, 65, 66]. Meier and Faix described biooil as a complex mixture of oxygenated

aliphatic and aromatic compounds [67]. Biooils produced at fast pyrolysis conditions

exhibit a 85 to 112 % higher molecular weight compared to that at slow pyrolysis con-

ditions [68]. The composition is affected by lignocellulosic composition of the biomass

and process conditions, in which heating rate has a greater influence than the biomass

origin [64]. Secondary reactions of the biooil can form additional hydrocarbons like light

olefins, cyclic hydrocarbons and aromatics [66, 69]. Levoglucosan for example, as a major

product of cellulose pyrolysis, starts to decompose at temperatures above 500 ◦C [58, 70].

An increase in heat treatment temperature up to range between 700 and 900 ◦C can de-

crease the total biooil yield and the amount of phenolic compounds, while the amount

of aromatic compounds can increase [33]. In contrast, Thangalazhy-Gopakumar et al.

found that both phenols and toluene concentrations increase with increasing heat treat-

ment temperature [71]. The condensable large molecular aromatic compounds are mostly

considered as tertiary products [52, 58].

Due to the high water content and organic acids, biooils are acidic with a pH value in





  

the range 1.7 to 2.4 and with an estimated water content between 20 to 30 % [44, 64, 65].

Thus, the high water and oxygen content and high acidity of liquid products can hamper

the use of biooil as transportation or boiler fuel [58, 65, 72]. The higher water content in

biooil from fast pyrolysis gives a low viscous product compared to that from slow pyrolysis

processes [64]. The influence of the average molecular mass is not as important as the

biooil-water insoluble fraction in slow pyrolysis [72]. The formation of pyrolysis water

depends on the feedstock type, and is greater in oak and eucalyptus than in pitch pine

and Japanese cedar [44].

Furthermore, the high reactivity of the biooil can lead to a polymerization during storage

or when heated [58, 65, 72, 73], which inhibits further upgrading due to coking [72, 74].

Atmospheric distillation, as a thermal separation technique, starts below 100 ◦C and con-

tinues to temperatures of about 280 ◦C [66], where up to 50 % solid residues are formed

[73], referred to as distillate bottoms or bio-pitch. The thermal decomposition of the

biooil over HZSM-5 catalysts results in a coke yield of about 10 to 20 wt.% [75, 76], which

is mainly formed from large phenolic components and aldehydes [77, 78]. A coking value

of about 29 and 34 % was analyzed for coniferous tree sawdust, respectively deciduous

tree sawdust [39].

This bio-pitch can be utilized in other applications, for example as a binding agent and

electrode production [51]. These calcined products are low in sulfur and metal contents

and are superior to calcined petroleum coke [51], reducing the amount of emitted poly-

cyclic aromatic hyrdocarbons in carbon-graphite technologies [39].

Biooil as binding agent enables the usage and separation of the coke forming compounds

from the stable biooil by increasing the solid pyrolysis yield. Aqueous phase hydrogena-

tion was used by Vispute at low temperatures to convert the remaining thermally unstable

oxygen bonds (C=O bonds) to stable compounds [73]. A thermal polymerization of the

biooil can assist to form graphitic structures on the charcoal structure to improve its

properties. The biooil from pyrolysis of deciduous trees enhanced the char graphitization

more than the biooil from pyrolysis of coniferous trees [39]. The polymerized bio-pitch

exhibited a similar structure to coal tar pitch, whereas the bio-pitch contained less sulfur

and ash than coal tar pitch [39].

In general, the H/C ratio of the heavy fraction of biooil is low and the biooil contains

mostly large aromatic structures which are formed at temperatures above 600 ◦C [56, 66].

In addition, the biooil has value-added properties for a downstream processing, such as a

binding agent for pelletizing or briquetting.





       

2.2 Metallurgical processes

The major technologies used in iron and steel industry are carbothermic processes, such

as blast furnaces and electric arc furnaces. Electrolytic reduction is mainly applied for

aluminum production. Alloying elements like silicon and manganese are mostly produced

in electric arc furnaces. On the whole, metallurgical processes contribute to approximately

10 % of the anthropogenic CO2 emissions [79], mainly from direct and indirect emissions.

Direct emissions are emitted at the metallurgical plant and generated by reducing the

metal-oxides or generating the heat required for the process, whereas indirect emissions

are emitted by power plants and by transportation. The iron and steel industry emitted

about 2.3 billion tons of CO2 in 2007 and may increase to 3.0 billion tons of CO2 in 2050

[24].

For the reduction of overall GHG emissions, new technologies and renewable reducing

agents have been investigated in the last years. Electrolysis is an alternative technology

to reduce metal-oxides [80]. Carbothermic reduction of alumina has been investigated as

an alternative process for the production of aluminum [81, 82], shifting the indirect CO2

emissions from its power input to direct ones.

The basic principle of carbothermal reduction processes is stated in equation 2.1 and 2.2,

in which the oxidation state of the metal-oxide is reduced by one. Carbon and carbon

monoxide act as a reducing agent in both solid and gaseous state. The reaction of the

metal-oxides takes place at different temperature ranges, depending on the reactivity

and free enthalpy of formation, dividing the furnace in different reaction zones. The

main reactions for the reduction of manganese-oxides, silicon-oxides and iron-oxides are

summarized in Table 2.1.

MexOy + C →MexOy−1 + CO (2.1)

MexOy + CO →MexOy−1 + CO2 (2.2)

Carbothermal reduction requires large amounts of carbon at high temperature to reduce

the metal-oxides. Based on the technology, metallurgical furnaces require the carbona-

ceous charge to provide the required temperature in the furnace. For example, the pro-

duction of pure metals in blast furnaces requires about four times more metallurgical coke

compared to electric arc furnaces [83]. The required process temperature for the reduc-

tion of metal-oxides by carbon, methane or hydrogen can be predicted by the Ellingham

diagram. This diagram was developed in 1944 and is schematically shown in Figure 2.5 for

several metals. The free enthalpy of formation is stated on the ordinate and the required

temperature on the abscissa. This visualizes the stability of the metal-oxide relative to

carbon, which can be reduced when the carbon line intersects the line of the metal-oxide.

It is obvious that the reduction of metal-oxides, especially alumina, takes place at very





  

high temperatures.

The high process temperatures require a mass and energy flow analysis of the metallur-

gical process to avoid losses. Heat recovery and improvements of the available technolo-

gies have reduced the energy consumption in steel production by approximately 60 % in

the last 50 years [79], resulting in an average energy consumption of 20 GJ t−1
crude steel at

1.83 tCO2 t−1
steel. The potential for the further improvement was estimated to be 15 to 20 %

[79, 84], in which the blast furnace technology still has the largest energy saving potential

[85]. The cumulative energy saving of 41 technologies used in China contributed to a

saving of 4.63 GJ t−1 or 443 kgCO2 t−1 [85]. Kuramochi assessed the best available tech-

nologies with the replacement of coke and an increased usage of steel scrap in a case

study for Japan, in which 12 % of total emissions can be reduced by 2030 [86]. To further

decrease GHG emissions, new technologies and processes must be developed, including

the implementation of carbon capture and storage (CCS) [80].

For an integrated steelmaking operation in a blast furnace, approximately 350 to 400 kg

of coke per tonne crude steel are used for sintering and cokemaking blend components,

while approximately 200 to 250 kg of nut coke and tuyere injectant per tonne crude steel

are used [87]. Smelting-reduction technologies (e.g. COREX) use approximately 900 kg

of coal and 100 kg of coke per tonne hot metal, leading to direct CO2 emissions of 2.3 t

CO2 per tonne crude steel [88], which would increase the charcoal demand in contrast

to classical routes. The usage of biomass and charcoal in metallurgical industry is chal-

lenged by technical and economical aspects, in which the synergy between both sectors is

required to overcome these obstacles [24]. Biomass and its derivatives have the potential

to reduce the CO2 emissions in the range of 6 to 12 % in the electric arc furnace (EAF),

respectively from 32 to 58 % for integrated routes [87], illustrating the importance of se-

lected processes.





       

Table 2.1: Reduction reactions of manganese-oxide, silicon-oxide and iron-oxide and free

energy of formation and temperature ranges of these reactions

reaction formation enthalpy temperature range

[kJ mol−1] [◦C]

manganese-oxides [89]

3Mn2O3 + C 
 2Mn3O4 + CO −0.25–0.17T 25-1100

3Mn2O3 + CO 
 2Mn3O4 + CO2 −170.71–0.004T 25-1100

Mn3O4 + C 
 3MnO + CO 110.96–0.21T 25-1244

84.35–0.20T 1244-1700

Mn3O4 + CO 
 3MnO + CO2 110.96–0.21T 25-1244

84.35–0.20T 1244-1700

MnO + CO 
 3Mn+ CO2 102.38 + 0.01T 25-1227

116.73 + 0.01T 1227-1727

MnO + C = Mn+ CO 287.6–0.16T 25-1227

silicon-oxide [90–95]

SiO2 + 3C 
 SiC + 2CO 625 1250-2000

SiO2 + C 
 SiO + CO 664 1500

SiO2 + 2C 
 Si+ 2CO 687 2000

SiO + 2C 
 SiC + CO -74 1500

SiO + 3CO 
 SiC + 2CO -397 1500

2SiO2 + SiC 
 3SiO + CO 1380 to 1416 1500

SiO + SiC 
 2Si+ CO 167 2000

2SiO 
 SiO2 + Si -599 2000

2Si+ CO 
 SiC + SiO 166.3 1500

iron-oxide [96, 97]

3C(s) + Fe2O3(s) 
 2Fe(s) + 3CO(g) 462− 0.507T 700-1200

3CO(g) + Fe2O3(s) 
 2Fe(s) + 3CO2(g) −26.37− 0.004T 700-1200

Boudouard reaction [89]

C(s) + CO2(g) 
 2CO(g) 170.82− 0.18T 25-1727





  

Figure 2.5: Ellingham diagram for several metals [98]

Aluminum is mainly produced in the Bayer process followed by an electrolytic reduc-

tion called Hall-Héroult process, as shown in Figure 2.6. The energy consumption of the

primary production route is stated for cradle-to-gate between 188 and 211 MJ kg−1
Al with

a global-warming potential (GWP) of 22.4 kgCO2,eq. kg−1
Al , when power is provided by coal

fired power plants [81, 99]. Considering a CO2 neutral power production, the primary

energy consumption for 1 kg aluminum can be reduced to ≈ 100 MJ kg−1 [82]. The direct

CO2 emissions in Hall-Héroult process are mainly formed by the anode consumption, in

which an excess of 35 % compared to stoichiometric requirements was estimated by Choate

and Green for the classical aluminum production [100]. The carbon source for electrode

production may partly be replaced by calcined biooil pitch to reduce these emissions [51].





       

Several attempts were undertaken since 1962 to introduce the carbothermic reduction of

alumina as an alternative to the energy intensive Hall-Héroult process [101]. The energy

demand can can be reduced to about 136 MJ kg−1
Al by carbothermal reduction processes,

in which the CO2 emissions decrease from ≤ 15 kgCO2 kg−1
Al to ≤ 12 kgCO2 kg−1

Al for indi-

rect emissions and 3.8 to 2.6 kgCO2 kg−1
Al for direct emissions. Several drawbacks of this

process, such as heat supply and slag transfer, have been solved with the ACT-ARP (alu-

minum carbothermic technology - advanced reactor process) developed by Alcoa-Elkem

[102, 103], but industrial application has not been achieved for this type of process [81].

In general, recycling of metals is less energy intense than the primary production routes.

The recycling of scrap requires about 4 to 6 GJ per tonnes of iron compared to the 13

to 14 GJ per tonnes iron in blast furnace basic oxygen furnace (BF-BOF) [84, 104]. The

energy consumption for the recycling of aluminum is stated to about 5 to 10 % of the

primary production route [105], illustrating the importance of metal recycling for the re-

duction of the energy input and GHG emissions.

(a) electrolytic (b) carbothermal

Figure 2.6: Simplified mass and energy balance of primary aluminum production: left:

electrolytic process; right: carbothermal process [81]

In general, the main products from metallurgical processes are the pure metal, gases

such as carbon monoxide and carbon dioxide, and slag. Carbon monoxide is formed by

the reaction of solid carbon with the metal-oxide, which also acts as a reducing agent

according to equation 2.2. For high carbon ferro-manganese (HC FeMn) production, the

partial pressure of CO is about 100 kPa in electric arc furnaces, respectively 35 kPa in

blast furnaces [104]. Carbon dioxide reacts with the solid carbon, as shown in Table 2.1,

forming additional carbon monoxide at the cost of solid carbon. The Boudouard reaction

is a highly endothermic reaction with a reaction enthalpy of 172.5 kJ mol−1, increasing

the power requirement in the EAF. Almost 500,000 tonnes of the annually CO2 emissions

in FeMn and SiMn production are correlated to the Boudouard reaction, corresponding

to approximately 30 % of the annual emissions [106]. The objective of the present work

was related the reduction of CO2 emissions by synergistic effects of renewable reduction

agents in ferromanganese production.





  

2.2.1 Blast furnaces

Blast furnaces are the most common metallurgical furnaces in metallurgy to produce

iron and steel and other pure metals. The basic oxygen furnace (BOF) accounted for

about 74 % in steelmaking in 2014 [79, 84]. Beside pig iron, blast furnaces are also

used to produce pure copper and lead. For steel production, 40 to 50 % of the energy

requirement are related to metallurgical coke and coal [24], in which the properties of the

metallurgical coke are essential for a stable furnace operation [107]. Based on the quality

of the feedstock, plant size and heat recovery, the differences in energy efficiency between

industrial and developing countries can be as high as 50 % [84].

The schematic of a blast furnaces is shown in Figure 2.7. It is operated as a counter-

current furnace, in which ore and coke are charged in layers at its top, while the blast

and oxygen are injected at the bottom of the furnace. This operation enables a high heat

recovery from the produced gases within multiple temperature and reaction zones in the

furnace. Initial reaction of hemantite can start at temperatures between 200 and 600 ◦C

[108]. According to Geerdes, Chaigneau and Kurunov the first reduction reaction takes

place at temperatures about 500 ◦C in the stack [109]. Reduction reactions can be divided

into indirect reduction reaction below 1000 ◦C, where FeO is formed by the reduction of

Fe2O3 and the consecutive direct reduction of FeO to Fe above 1000 ◦C [110]. With an

increasing temperature above 1000 ◦C the ore starts to melt in the cohesive zone, creating

voidage in the bulk. To this temperature, metallurgical coke lost about 2 wt.% by the

release of remaining volatile matter [111]. The reaction between coke and CO2 slowly

starts after surpassing the threshold temperature at about 910 ◦C [112].
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Oxygen and fuel are injected into the blast furnace by tuyeres at the bottom of the

blast furnace. Coal, natural gas and oil are used as carbon sources in the blast, in which

the coke in front of the tuyeres is also partly combusted to CO. The consumption of coke

in front of the tuyeres creates voidage and weakens the bed structure. Depending on the

size of the blast furnace, up to 12 tuyeres are installed in small blast furnaces, respectively

up to 42 in larger ones [109]. The combustion and reaction of the blast takes place at

the raceway, in which particle size distribution and the reactivity are key parameters on

the flow and fuel combustion [110]. Previous studies have shown that conditions in the

raceway are important for an effcient combustion of the blast [113].

Different carbon sources are charged into the blast furnace, namely metallurgical coke,

coal, oil and natural gas. These carbon sources are used as reducing agents and energy

carrier [114]. The main carbon source is metallurgical coke which is fed into the top

of the furnace. For stable operation of the furnace, the metallurgical coke requires a

high mechanical stability, low amounts of volatile matter, good gas permeability and low

reactivity. On the other hand, the blast should provide a high heating value and high

reactivity to form CO. Thus, the different carbon feedstocks used in the blast furnace

require specific properties. The partial replacement of coke by the injected blast was

found as the best available technique to reduce coke consumption [114]. Depending on

the blast furnace type, maximum injection of 270 to 290 kg of pulverized coal per tonnes

pig iron can be utilized [86, 115]. The pulverized coal injection (PCI) can replace coke at

a rate of 0.85 to 0.95 kg of coke per kg pulverized coal for a PCI consumption of 180 to

200 kg per tonnes pig iron [86, 116]. A lower limit of 290 kg of coke per tonnes hot metal

was assumed by Ribbenhed, Thoren and Sternhufvud [115]. Previous studies have shown

that modern blast furnaces are operated with the metallurgical coke consumption of 286

to 320 kg per tonnes hot metal and a PCI of 170 to 220 kg per tonnes of hot metal [24].

A high gasification threshold temperature of the metallurgical coke is important to reduce

the carbon consumption by the Boudouard reaction in the stack. On the other hand, a

lower gasication threshold temperature can improve the blast furnace reaction effciency

and reduce the coke consumption [112]. Thus, the replacement of metallurgical coke

with renewable carbon sources such as charcoal, biocoke, charcoal-coke blends or charcoal

pellets requires such properties as high mechanical stability and chemical resistance.

2.2.2 Electric arc furnaces

Electric arc furnaces (EAF) can be operated with an alternating current (AC) or a direct

current (DC). In ferroalloy industries, electric arc furnaces have been operated with an

alternate current since the beginning of the 20th century, whereas DC furnaces have been

used only since the last 30 years [117, 118]. Nowadays, EAF are used in about 20 different





  

industrial fields [117]. While power rating of first EAF was about 1.5 MVA, maximum

power rating reached 135 MVA with a power input of 100 MW in 2015 [117, 119]. In

Norway, most metallurgical furnaces are electric arc furnaces operated with an alternate

current. Especially in Southern Norway, where three of four metallurgical processes are

operated as carbothermal processes, and the fourth as an electrolytic process. These pro-

cesses comprise the production of silicon manganese (SiMn) by Eramet, silicon (Si) by

Elkem and silicon carbide (SiC) by Saint-Gobain, as well as the production of aluminum

(Al) by Alcoa.

In carbothermal processes operated as EAF, the heat is provided by electricity and reduc-

tion by carbonaceous materials [38]. Three electrodes installed in the most EAF processes

are operated with the alternating current, while very large rectangular-shaped furnaces

are operated with six electrodes [119]. The power input is at the highest capacity when

a three electrode-circuit exhibits a similar impedance [120]. For submerged arc furnaces,

the resistance of the burden, i.e. the carbon material, limits the allowable electrode pen-

etration into the hearth [120].

The power rating of an EAF is limited by its electricity supply or by the furnace transform-

ers [120]. For example, Eramet Norway Kvinesdal uses three 30 MW smelting furnaces for

the production of 180000 tonnes of SiMn [121]. The power consumption for the produc-

tion of 1 kg SiFe result for modern furnaces in about 3.4 kWh (Porsgrunn) and 4.2 kWh

(Kvinesdal). Up to 35 % of the energy input was recovered from the CO gas in Pors-

grunn. Silicon and ferrosilicon are mostly produced in submerged arc furnaces operated

at 12 to 24 MW [119], resulting in a power consumption of 10 to 13 kWh kg−1 of silicon

[37, 119, 122, 123]. This power input accounts for about 45 % of the required energy of

the furnace [122], while remaining energy demand is provided by carbonaceous materials.

The working principle of an EAF is schematically shown by the reduction pathway of

manganese in Figure 2.8. Depending on the quality of the charge, the EAF emits several

GHG emissions, such as volatile organic compounds (VOC), particulate matter, carbon

monoxide, carbon dioxide, sulfur oxides, nitrogen oxides, dioxins and furans [124]. De-

mus et al. stated that a specific consumption of 12 kg coal and coke per tonnes of steel

results in 40 to 70 % of the direct emissions of the EAF [125]. Biomass and charcoal can

reduce these emissions by two effects: 1. the carbon dioxide emissions are accounted as

CO2 neutral, 2. a higher efficiency of the renewable reducing agents decreases the carbon

demand of the process. Chen et al. investigated a synergistic effect between petcoke and

woodchips, in which an increased reactivity improved the utilization of silica [126]. Simi-

lar results were observed by Demus et al. for steel production, in which no negative effects

on the product quality were observed [125]. Woodchips improve the gas permeability of

the burden and prevent charge crusting [38].
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Figure 2.8: Schematic pathway for the reduction of manganese-dioxide in an EAF [127]

An important property of the reducing agent in EAF, especially in submerged arc

furnaces, is the electrical resistivity. The total resistivity depends on the reducing agent,

volume fraction, carbon content and particle size [38], in which the resistance of the re-

ducing agent is influenced by its proximate analysis, ash distribution, microstructure,

macroscopic cracks and graphitization [128]. A high resistivity is preferred due to an

improved heat distribution in the furnace, resulting in a more efficient operation with





  

respect to energy and electrode consumption [38].

Carbonaceous materials for the reduction of metal-oxides are selected based on their prop-

erties and economics. Electricity and reducing agents account for more than 70 % of oper-

ating plant costs [37]. Blending of reducing agents can improve the operation by reducing

the operational expenditure (OPEX). Thus, the properties of reducing agents are the

most important parameter for an effective operation of the metallurgical furnace. Based

on the feedstock, furnace size and furnace type, reducing agents must fulfill minimum me-

chanical and chemical requirements. In comparison to blast furnaces, the reducing agent

does not require the high coke reactivity index (CRI) and coke strength after reaction

(CSR), but a proper electrical resistivity by smaller particle size is important [38, 129].

Based on the formation of CO, a high reactivity is desirable in ferroalloy prodcution [130].

2.3 Reducing agents

The primary function of reducing agents is to provide the carbon in metallurgical furnaces

to produce pure metals. In addition, the porous material enhances the permeability of

the burden and improves the gas distribution, which also acts as a SiO gas trap in silicon

production [38]. Based on the metallurgical process, reducing agents can be obtained

from gaseous, liquid or solid sources, in which solid reducing agents are most abundant

in carbothermal reduction processes. Gaseous reducing agents are summarized in sec-

tion 2.3.7 and comprise mainly synthesis gas, hydrogen, methane or natural gas. Liquid

fuels and its derivatives are stated in section 2.3.6. Solid reducing agents are examined in

section 2.3.5. Metallurgical furnaces have been improved over decades and require specific

properties of the feedstock to ensure a high production rate, a stable operation of the

furnace and a great product quality [131].

Metallurgical coke is the main reducing agent used in blast furnaces and manganese pro-

duction. Several standards have been developed to evaluate the quality of the reducing

agents, such as the CSR, CRI, fixed carbon content or element analysis. The required

properties of metallurgical coke used in blast furnaces are summarized in Table 2.2. In

ferroalloy production the chemical composition, such as volatile matter content, ash con-

tent, ash composition and the reactivity towards CO2 and SiO are the main criteria for

reducing agents [38]. However, most of the standard tests are based on fossil fuels like

coke and coal and may not be directly adopted to renewable reducing agents. Other im-

portant properties of the reducing agents used in EAF are the specific surface area and

the electrical resistivity of the bulk layer, in which the surface area must be accessible for

chemisorption of the gas-vapor phase [132].





       

Table 2.2: Required chemical and physical properties of blast furnace coke [133–138]
European Australian BHP American Japan

range Port Kembla range range limit

Proximate and ash compositional analysis

Moisture (wt.%) 1 - 6 < 5.0 - 5.0 < 5

Volatile matter (wt.%,db) < 1.0 1.5 0.7 - 1.1 1.0 < 1.5

Ash (wt.%,db) 8 - 12 < 12 6.6 - 10.8 7 - 11 < 9.0

Sulfur (wt.%,db) 0.5 - 0.9 0.5 0.54 - 1.11 0.7 - 0.8 < 0.82

Phosphorus (wt.%,db) 0.02 - 0.06 0.04 - - < 0.33

Alkalies (wt.%, db) < 0.3 - - - < 0.4

Particle size, mechanical strength and reactivity

Mean size (mm) 47-70 50 50 45-60

M40 (+60 mm) > 78− > 88 85 n.a. n.a.

M10 (+60 mm) < 5− < 8 6.5 n.a. n.a.

I40 53-55 n.a. n.a. n.a. > 57

I20 > 77.5 n.a. n.a. n.a. < 18

DI150/15 n.a. 84.4 n.a. 83-85

ASTM stability n.a. 63.6 60 n.a.

CSR > 60 74.1 61 60-65 > 65

CRI 20-30 17.7 23 n.a. < 23

2.3.1 Mechanical stability and particle size

The most common analyses to evaluate the properties of metallurgical coke are the coke

reactivity index (CRI) and coke strength after reaction (CSR). These two analyses rep-

resent the chemical and mechanical stresses in the shaft of the blast furnace. While

minimum values are stated for blast furnaces, it is not evidence which coke reactivity

index (CRI) and coke strength after reaction (CSR) are best for coke application in EAF

[130].

Charcoal can be blended into the coal mixture to produce a biocoke with nearly simi-

lar properties to metallurgical coke. However, an addition of at least 5 wt.% of charcoal

to coal can decrease the coke strength [139], whereas an addition of 2 % of high-density

polyethylene (HDPE) can improve its mechanical strength [140]. These results indicate

that only small amounts of classical charcoal can be added to coal blends without inducing

negative effects on the properties of metallurgical coke.

A grain size of 40 to 60 mm is requested in blast furnaces for a good distribution of the

gases. Up to 11 wt.% of the metallurgical coke can be charged into the furnace with a

grain size less 25 mm, respectively up to 4 wt.% larger 100 mm for a stable operation of

the furnace [134]. A coke with a grain size larger 25 mm results in a CRI between 30

and 40 and a CSR between 42 and 58 [141]. Bulaevskii and Shved pointed out that an

increased coking period by 10 h increase the hot strength of the fossil coke by 4 to 6 %

and decreased its reactivity by 1.2 %. However, a concentration of intermediate products

larger 1 % led to a decrease in the CRI and CSR by 5 to 11 % [141].





  

2.3.2 Organic composition

Carbon is required to reduce metal-oxides in carbothermal processes. Beside its primary

function as a reducing agent and carbon donator, carbonaceous feedstocks are process

energy sources. For example, about 55 % of the total energy in silicon production are

provided by the carbon materials with an exergetic efficiency of about 39 % [122]. Typical

solid carbonaceous reducing agents are metallurgical coke, petroleum coke, coal, charcoal

and woodchips. To increase the amount of renewable reducing agents in metallurgical

industry, biomass and charcoal are blended at a higher ratio into the feedstock. The

carbon content of reducing agents is greater than 80 % for coke and greater than 67 % for

coal [142]. Metallurgical grade charcoal should have a fixed carbon content greater than

85 % [13].

Biomass is composed of about 50 % carbon, 6 % hydrogen and 40 % oxygen. The car-

bon content increases by removing oxygen containing compounds in temperatures above

250 ◦C. To obtain a metallurgical grade charcoal, heat treatment temperatures above

750 ◦C and slow heating rates are required [143, 144]. The carbon content is assumed

to be equal to the fixed carbon content that is determined by sample heating up to

900 ◦C based on the DIN 51720 standard, respectively to 950 ◦C based on ASTM D3175

standard. To estimate the carbonization efficiency, Antal and Grønli combined the fixed

carbon content with the charcoal yield according to equation 2.3.

γFC = γchar ∗
[

FC

100− afeed

]
(2.3)

where γFC is the fixed carbon yield, γchar is the charcoal yield, FC is the fixed carbon

content of the char and afeed is the ash content of the original feedstock.

The high treatment at temperatures over 2000 ◦C can increase the degree of graphitization,

but also increase the ash content of the final charcoal as nearly all original biomass ash

remains in the charcoal. A higher degree of graphitization result in a decrease of the

ohmic loss, which increases the electrical consumption in EAF [37]. The resistivity of

materials used in electric arc furnaces for silicon production is shown in Table 2.3.

Table 2.3: Resistivity of the materials in the silicon process [90]

Material Temperature Resistivity ρ

Quartz T< 1800 K ρ > 104 Ωm

1800 K<T< 2000 K 102 Ωm<ρ < 104 Ωm

Carbon materials T< 1800 K ρ > 1− 2 Ωm

Silicon carbide T≈ 2000 K ρ ≈ 10−4 Ωm





       

2.3.3 Inorganic compounds

The reactivity can be catalyzed by the ash composition of the charcoal. Biomass is low

in ash content, especially sulfur, but often biomass has a greater alkali metal content

than coal. The products with a high alkali metal content exhibit a greater CO2 reactivity

compared with the alkali metal lean carbon samples [145, 146]. Potassium is expected

to increase the reactivity of carbon in CO2 [147–149], increasing the energy demand of

metallurgical furnaces. Monaghan et al. investigated the reactivity of cokes which were

doped with specific minerals, in which the influence of the mineral matter was ranked

as: K2CO3 > Na2CO3 > CaCO3 > MgCO3 = MgO > FeCO3 > FeS2 > Al2O3 =

SiO2 [150]. Alumina and silica showed almost negligible influence on the CO2 reactivity

of metallurgical coke samples. The biocoke with the high mineral matter content can

decrease the threshold temperature and increase the CO2 reactivity.

In addition, alkali metals can form deposits on furnace walls and thus, the mineral matter

should be minimized in the feedstock [151]. Other critical ash constituents are sulfur

and phosphorus, which can decrease the mechanical strength of the ferroalloy [152]. In

addition, reactions of alkali metals with the carbon structure can alter the structural

properties of coke [107]. This can be critical when the high mechanical stability is required

for reducing agents.

Figure 2.9: Changes in fractional weight change (FWC) over time for doped coke analogues

according to CRI [150]





  

2.3.4 Reactivity

The coke reactivity index (CRI) is the common analysis to investigate the reactivity

of metallurgical coke in CO2. The analysis is carried out at 1100 ◦C according to ISO

18894:2018 and should be between 20 to 30 %. At the same time, the threshold tempera-

ture in CO2 should be in the range 950 to 1000 ◦C [112]. Semi-cokes are products which

are not fully carbonized. Due to the incomplete pyrolysis, an additional mass loss oc-

curs at the beginning of the mass loss curve for steady and non-steady thermogravimetric

measurements [111]. This thermal decomposition of the charcoal can mislead to a low

threshold temperature and high reactivity in oxidizing and reducing atmosphere. Previ-

ous studies have shown that the blending up to 3 % of coarse charcoal to coal can lead

to a similar CO2 reactivity of the biocoke [112]. For coal samples, the CO2 reactivities

of pure coal and coal blended with 30 wt.% charcoal from pyrolysis in the temperature

range 500 to 700 ◦C are similar [153].

A high reactivity of SiO is desirable in the silicon production, whereas charcoal and coke

provide a greater reactivity of SiO than carbon black and coal [154]. Raaness, Kolbeinsen

and Byberg investigated the SiO reactivity of several reducing agents by measuring the

SiO gas after passing through a reducing agent bed, schematically shown in Figure 2.10.

The low reactivity of coke and quartz mixture makes it a good adsorber for SiO gas [154].

Figure 2.10: Expected SiO reactivity for various reducing agents [155]

Beside standard analysis, the texture of metallurgical coke is investigated by optical

microscopy to identify the crystallinity of the coke and to correlate the structure to its

physical properties [148, 156]. A greater content of amorphous carbon in charcoal can

increase the reactivity in oxidizing gases [38]. By rule of thumb, a high reactivity can

be correlated to a less ordered carbon structure. MacPhee et al. did not observe any

changes in the texture of biocoke with a charcoal addition up to 10 % [139], whereas

Gornostayev et al. reported visuable textural changes in for additions of 2.5 % of high-

density polyethylene (HDPE) [140].





       

2.3.5 Coal and its derivatives

Fossil fuels are the main carbon source of the reducing agents used in metallurgical in-

dustry. Metallurgical coke, the main reducing agent in blast furnaces and manganese

production, is produced in coke oven batteries in the temperature range 1100 to 1400 ◦C

from specific coal blends [84, 133], in which approximately 1.25 to 1.65 kg of coal are con-

verted to 1 kg coke. These coals are selected by their coal rank or physical and chemical

properties, as shown in Table 2.3.5. Coal is classified according to ASTM D388-18 or DIN

22020 into its main coal rank: lignite, sub-bituminous coal, bituminous coal or anthracite

coal. These ranks are further subdivided into characteristic subgroups. By the standards,

coal is classified by its maceral analysis. The main maceral groups are inertinite, liptinite

and vitrinite. Liptinites are divided into its primary liptinites: sporinite, sporangia, cuti-

nite, resinite, alginite, suberinite and fluorinite and its secondary liptinites: exsudatinite

and bituminite [157]. A higher coal rank can be correlated with an increased carbon

aromaticity [158].

Table 2.4: Coal rank classification [157]
Rank % carbon % Volatile matter Gross specific energy Vitrinite reflectance

(daf) (daf) (MJ/kg) (%)

Peat 60 > 60 14.7 0.2 - 0.26

Lignite 71 52 23 0.38 - 0.4

Subbituminous 80 40 33.5 0.42 - 0.6

High volatile bituminous 86 31 35.6 0.65 - 0.97

Medium volatile bituminous 90 22 36 1.47 - 1.5

Low volatile bituminous 91 14 36.4 1.85 - 1.92

Semianthracite 92 8 36 2.58 - 2.65

Anthracite 95 2 35.2 5 - 6.55

A common representation of the main organic composition of the coal, peat and

biomass is the van Krevelen diagram, in which the molar ratio of hydrogen to carbon

and oxygen to carbon are plotted on the y and x-axes. Both ratios decrease within the

coalification, schematically shown in Figure 2.11.

The thermal heat treatment of biomass and coal results in a carbonization of the mate-

rial. Increasing temperatures result in an additional mass loss, which can influence the

physical and chemical properties of charcoal, semicoke and coke, e.g. its carbon structure

and porosity. The thermal ordering decreases the amount of amorphous carbon by an

increase of aromaticity and crystalline size [38]. The porosity is modified by pore growth

and coalescence of pores, and changes in the carbon matrix can weaken the abrasion

resistance, which has a strong impact on its degradation behavior [159]. Swelling and

re-solidification from original coal affect strongly the porosity and porous structure of the

coke [160, 161].
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Figure 2.11: Van Krevelen diagram of biomass, coal and main coal maceral groups ([16,

162])

Differences in the carbon structure and changes in the surface area have an influence on

the properties of the reducing agent. Especially low rank coal produces an isotropic porous

coke which is very reactive in CO2 [107]. The isotropic carbon and smaller anisotropic

clusters form weaker structures and thus, increase the CO2 reactivity [163]. Wilkinson

reported that an increase in heat treatment temperature can improve the tensile and

compressive strength [107].

The threshold temperature of solid reducing agents specifies the temperature at which

the reducing agent starts to react with CO2. This temperature can be correlated to the

thermal reserve zone in the blast furnace shaft, which is typically in the range of 950 to

1000 ◦C [164]. The usual threshold temperature of metallurgical coke is about 910 ◦C [112].

A charcoal addition of 8 % to the coal charge results in a decrease of biochar threshold

temperature of the biocoke to about 840 and 850 ◦C for fine and coarse charcoal. The high

mineral content of biocoke corresponds to the decreased threshold temperature, in which

the gasification characteristics can be well described by the alkalinity index [23]. This

assumption is supported by results of other researchers after washing and acid leaching

of charcoal samples, in which the post-treated samples provided a similar reactivity to

coal chars after removal of the alkali and earth alkali metals [146, 165]. Fidel et al.





       

investigated the alkalinity of charcoal for soil processes, in which the charcoal alkalinity

was not a simple function of ash composition, fixed carbon or volatile matter content

[166]. Taking the alkalinity index (AI) as a guideline, it is defined as [167]:

AI =
wt.% Fe2O3 + wt.% CaO + wt.% MgO + wt.% K2O + wt.% Na2O

wt.% SiO2 + wt.% Al2O3

· wt.% ash

(2.4)

One issue is that alkali metals accumulate in metallurgical furnaces [148, 168]. Wilkinson

demonstrated that the alkali metal vapors reacted with the carbon structure and formed

intercalation compounds, which can decrease the mechanical stability of coke [107]. In

contrast, Hilding et al. did not observe an influence of alkali metal on the graphitiza-

tion behavior and mechanical strength of the coke [159]. A similar result was found by

Trubetskaya et al. who investigated the interaction of potassium with high temperature

soot and found no potassium incorporation into the soot matrix occurred during high

temperature pyrolysis [169].

The reactivity towards SiO is crucial for silicon, silicon carbide and ferrosilicon produc-

tion. The reactivity in SiO mostly decreases with increasing coal rank, whereas coke with

isotropic carbon structures had a greater CO2 reactivity compared to anisotropic carbon

structures [38]. In detail, reactivity in SiO decreases with increasing vitrinite reflection

and decreasing inertinite and liptinite maceral concentration [163]. In addition, the reac-

tivity of the charcoal in SiO is affected by the specific surface area of the reducing agent

[132]. Thus, the overall tendency of SiO reactivity is similar to that of the CO2 reactivity.

In the hearth of the furnace, reducing agents require a high slag reactivity to dissolve

into and react with the liquid metal. The dissolution rate of the carbon into the liquid

metal is affected by the carbon structure and ash content [38]. Pistorius investigated the

dissolution rate of ferroalloy production, in which a higher degree of crystallinity results

in an increased dissolution rate of the carbon into the metal, whereas higher sulfur con-

centration resulted in a decreasing dissolution rate [130]. The increasing heat treatment

temperatures also showed an improvement for the dissolution rate constants of charcoal

samples [38]. Based on the carbon structure, graphite samples can dissolve faster into the

melt than coal samples [170]. The carbon increase in the melt was assumed to follow a

first-order rate, as shown in equation 2.5 [130, 170].

dwC

dt
= K (wC,sat − wC) (2.5)

Where wC is the carbon content in weight-%, wC,sat is the carbon solubility in the melt

in weight-% and K is the apparent rate constant [130]. The coal rate constants are stated

in the range from 0.0011 to 0.0036 s−1 [38]. Other metals like chromium, manganese and

silicon can affect the dissolution rate, but the role of the coal structure is not well inves-

tigated [130].





  

Based on the chemical resistance, an increasing coal rank or higher heat treatment tem-

perature can improve the quality of the reducing agents. However, an increasing coal

rank and degree of graphitization result in a decrease of electrical resistivity, which is dis-

advantageous for the application in EAF [163]. These opposing trends require a certain

understanding for the processing of biomass to provide the right reducing agent for the

application in Norwegian EAF.

2.3.6 Oil and its derivatives

Fossil oil and biooil can be utilized as carbon and energy sources in metallurgical industry.

Crude oil is a mixture of different hydrocarbons which can be refined to multiple prod-

ucts, schematically shown in Figure 2.12. The crude oil is mainly composed of alkanes,

cycloalkanes and aromatics, with an oxygen content less than 1.5 % and sulfur content up

to 8.0 % [171]. In contrast, biooil exhibits an oxygen content in the range 35 to 45 % [72],

that makes it less suitable for the industrial use.

LPG, 3.7 %

Refinery gas, 2.9 %

Naphtha, 1.3 %

Motor gasoline, 38.9 %

Avgas, 0.2 %

Jet fuel, 5.6 %

Kerosene, 0.8 %

Diesel and heating fuel, 18.2 %

Residual fuel oils, 16.6 %

Petrochem. feed, incl. LPG, 5.9 %

Lubes, greases, 0.9 %

Asphalt, road oil, 2.3 %

Coke, wax, misc, 2.5 %

Crude and gas losses, 0.2 %

Figure 2.12: Refinery products from crude oil [172]

Oil and natural gas have been used in blast furnaces since the late 1950s to increase

the productivity and control of a furnace [173]. Oil is also used as an energy carrier for

the heat hardening of iron ore pellets and carbon sources to form CO in blast furnaces

and direct reduced iron (DRI) [174]. A more common reducing agent used in EAF is

petcoke that is the solid residue from oil refining process. Carbon anodes have been

produced from calcined petroleum cokes since more than 120 years [175]. The oil pitch

is a graphitic agent that has a similar reactivity to commercial graphite and with the

coke reactivity index varying between 19 and 20 [111, 176]. Petcoke is used in Southern





       

Norway for silicon carbide production. The volatile matter content of petcoke is usually

between 7 to 9.1 % [111], which is problematic for closed submerged arc furnaces used for

manganese production.

Petcoke and biooil pitch calcined at 1200 ◦C have nearly identical composition and struc-

ture. However, biooil pitch is low in sulfur, nitrogen and metal content [51, 56]. The

biooil conditioning may enhance the usage of bio-pitch in ferroalloy industries due to the

similar chemical properties to metallurgical coke after calcining.

2.3.7 Gases

Methane, hydrogen and carbon monoxide are gases which are used as reducing agents

in ferroalloy industries. Beside natural gas, reducing gases can be produced by pyrolysis

and gasification of coal or biomass. Reducing gases can be also used in DRI plants. As

mentioned in section 2.2, carbon monoxide occurs as a major product gas in carbothermic

processes, especially in electric furnaces [104]. A recirculation of the CO gas can reduce

the coke demand up to 45 % [177].

Hydrogen can be used to reduce iron-oxides at temperatures above 500 ◦C [178, 179]. It

has been utilized to reduce nickel, copper, iron and zinc oxides [178]. Hydrogen can be

provided from electrolysis and gasification, and no significant differences between fossil

and renewable hydrogen are expected after gas cleaning.

2.4 Biomass and its derivatives

Biomass and charcoal are generally considered as CO2 neutral reducing agents to reduce

the levels of CO2 and SO2 emissions in metallurgy [38]. Brazil is the largest producer

of charcoal with a global market share of 12 to 14 %, in which up to 75 % of the pro-

duction are utilized in metallurgy [30, 180, 181]. About 8 million tonnes of Brazilian

pig iron were produced in small blast furnaces with renewable reducing agents in 2002

[182]. Biochar was also used as a CO2 neutral agent in ferrosilicon and silicon production

[183]. In Norway, bio-based reducing agents are broadly used in silicon production by

Elkem, whereas no substitution is implemented in silicon carbide and manganese alloy

production. Biomass can be used as an effective reducing agent in the manganese oxide

industries [184]. However, the installed furnaces cannot be operated at stable conditions

due to the high volatile matter release in biomass pyrolysis.

In European silicon production between 800 and 1200 kg of wet woodchips and more

than 10 % of charcoal are used, whereas charcoal has not been used in manganese and

chromium alloy production [183]. Elkem intends to increase the percentage of biomass





  

and charcoal use up to 40 % in 2030 [185]. This indicates an increased interest in the use

of renewable reducing agent in Norway.

2.4.1 Charcoal production

Charcoal is produced from woody biomass using thermochemical processes. The thermo-

chemical production processes can be differentiated by heating rate, final temperature and

gas atmosphere. Carbonization, torrefaction, slow pyrolysis and hydrothermal carboniza-

tion are processes used to produce solid residues as the main product, whereas gasification

is used to produce synthesis gas and flash pyrolysis to produce biooil [186]. The charcoal

can be produced in either batch or continuous multiple kilns and retorts [15], whereas

the charcoal yields range from 10 to 30 wt.% [27]. The charcoal yield in kilns is as low

as 5 to 20 % with an increased discharge of unburned methane and higher hydrocarbons,

whereas the charcoal yield in retorts is in the range from 20 to 30 % [10, 180, 187]. The

global charcoal production increased by 19 % in the last 10 years and by 46 % in the last

20 years. Most charcoal producers harvest and pyrolyze hardwood species to produce high

quality charcoal with a high calorific value. The charcoal from hardwood consists of 80 %

carbon with the ash content ranging from 1 to 3 % and with 12 to 15 % of volatile matter

[15].

Chen, Aanjaneya and Atreya investigated the exergy efficiency for a pyrolysis of differ-

ent wood components, in which woodchips can increase the charcoal yield and consume

less forest area [40]. Brick-made hot trail kilns in Brazil have a conversion efficiency of

25-30 % [180], respectively a carbon conversion efficiency up to 69 % [188]. Most kilns

are operated in the temperature range between 400 to 600 ◦C [12, 189–191]. As described

above, a pyrolysis temperature of 500 ◦C is insufficient to change the crystalline structure

and increase the thermal and electrical conductivity [41].

To improve the charcoal properties for the transportation and storage, charcoal particles

can be pressed into pellets or briquettes to increase the bulk density of the material. Due

to the low mechanical stability of charcoal, more than 20 % of fines can be generated

during transportation and handling [192].

Charcoal from wood has a bulk density that is less than 600 kg m−3 [193], whereas char-

coal from wood sawdust has a density of less than 300 kg m−3 [194]. The bulk density is

constant in the temperature range 450 to 650 ◦C, whereas the true density increases with

the heat treatment temperature [193, 194], leading to the greater BET surface area and

greater porosity compared to the low temperature treated charcoal samples. On one side,

the low specific energy density can lead to the increase in transportation costs, whereas

on the other side it can increase the mechanical abrasion and CO2 reactivity due to the

high porosity and large surface area.





       

The material must be densified to increase the bulk density for the long distance trans-

portation. The bulk density of charcoal can be increased up to 500 kg m−3 and the envelope

density up to 870 kg m−3 after pelletilization [195]. The bulk density of charcoal can be

increased up to 713 kg m−3 when torrefaction is as a pre-treatment [196]. However, the

durability of torrefied pellets is low ranging from 80 to 90 %, whereas the amount of fines

is high ranging from 20 to 30 % [196]. In general, the durability of charcoal pellets is

lower than biomass pellets. Pellets produced from torrefied Norway spruce investigated

by Larsson et al. provided a durability of less 90 %, while > 95 % are required according

to standard US Pellet Fuel Institute (PFI) grade [196, 197]. Binding agents can be used

to improve the mechanical durability of charcoal pellets. For the cost reduction of binding

agents, blends of 70 wt.% charcoal with raw sawdust as a natural binder can be used [195].

Possible binder, such as lignin, starch, Ca(OH)2 and NaOH were investigated by Hu et

al. for concentration up to 20 %, in which the increasing binding agent concentration

resulted in an increasing volatile matter content [198]. The highest envelope density of

1163 to 1298 kg m−3 was measured for charcoal pellets with NaOH. Funke et al. success-

fully investigated molasse and water as binding agents for wheat straw char, in which the

ash content, such as potassium, was increased [199]. This increase in alkali metals may

inhibit the application in metallurgy. The high pressure of up to 250 MPa can increase

the envelope density of charcoal [200].

The pyrolysis process should be carried out at temperatures above 800 ◦C to increase the

cluster size of nanocrystallites and graphene layers [201, 202]. A homogeneous tempera-

ture profile of the biomass particles is desirable to avoid thermal stresses of the biomass,

whereas a low heating rate is desirable for a homogeneous volatile release. Byrne and Na-

gle investigated the charcoal quality at different heating rates. To obtain a high quality

charcoal without visible cracks at the surface, a heating rate as low as 5 ◦C h−1 is required,

whereas heating rates of 20 ◦C h−1 already result in a crack development on all sides [42].

2.4.2 Pyrolysis

Pyrolysis is the thermal decomposition of biomass and coal in an inert atmosphere. Py-

rolysis processes are used for the production of solid residues like coke and charcoal,

and can be also conducted with the aim to produce liquid products (biooil) or pyrolysis

gases. In general, solid pyrolysis products are rich in carbon, whereas volatile products

from biomass have a greater oxygen content compared to volatiles from coal pyrolysis.

The relative ratios of main products depend on the operational conditions and feedstock

properties. Depending on the heating rate, pyrolysis process can be classified into slow

(conventional), intermediate (fast) and flash [10, 27, 31].

Slow pyrolysis is the main conversion process to produce charcoal from biomass [13, 27,





  

203]. Biomass is heated up to temperatures in the range 300 and 700 ◦C at slow heating

rates (up to 20 ◦C min−1), forming up to 50 % of solid residues [10, 27]. Pyrolysis at

temperatures below 1200 ◦C is defined as carbonization process [15], in whereas charcoal

yields decrease with the increased temperature.

Intermediate pyrolysis are most common for the production of biooil and pyrolysis gas

at temperatures between 400 to 600 ◦C, in which the heating rate reaches a few 100 ◦C

s−1. Flash pyrolysis have usually heating rates above 1000 ◦C s−1 and are considered as

the initial step in entrained flow gasification and pulverized biomass combustion. The

pyrolysis process is intended to produce charcoal with the carbon content greater than

85 % and volatile matter content less than 5 %.

2.4.2.1 Pyrolysis mechanism

In general, biomass pyrolysis follows a three-step mechanism; 1. dehydration, 2. primary

reaction and 3. secondary reactions. The initial step in biomass pyrolysis is drying at

about 100 ◦C. After dehydration, the biomass undergoes dehydrogenation, depolymerisa-

tion, and fragmentation of chemical bonds. The organic chemical bonds are ruptured and

a semi-char, gases and smaller molecular fragments are formed [204]. Small molecular

fragments, also called metaplast, are released as tar to the gas phase if they are vaporized

and transported to the surface of the char particle [205]. The gases, such as CO2, CO,

CH4 etc., are formed by the decomposition of functional groups of the origin biomass.

The reactions which are directly affected by the feedstock are defined as primary pyrol-

ysis reactions, whereas secondary pyrolysis reactions include intermediate decomposition

products and tertiary pyrolysis reactions, which include gas reactions of products from

secondary pyrolysis [10]. The small molecular fragments can also undergo secondary py-

rolysis reactions in the particle and are converted to char, light gas and soot [206]. These

cross-linking reactions between the metaplast and the char and the re-condensed tar in-

crease the final char yield, whereas the depolymerization reactions are responsible for the

formation of larger aromatic tars [207]. Permanent gases and light aliphatic compounds

are formed during the cross-linking and condensation reactions. A number of parameters

can affect the final yield and quality of pyrolysis products, including the substrate compo-

sition, pretreatment, heat treatment temperature, heating rate, reaction gas atmosphere,

particle residence time and alkali metals [13, 31].

The pyrolysis pathway is shown in Figure 2.13. By rule of thumb, primary products occur

and are preserved at temperatures below 500 ◦C, whereas secondary reactions and tertiary

reactions occur in the temperature range 500 to 750 ◦C and 750 to 1000,◦C respectively

[58].
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Figure 2.13: Possible pyrolysis pathways reported by Evans and Milne [52]

2.4.2.2 Primary pyrolysis processes

The main biomass compounds undergo different decomposition based on their original

structure. Cellulose, hemicellulose and lignin decompose at different temperature ranges

to monomer and monomer-related fragments which have characteristic mass spectral sig-

natures [52]. Several authors have studied the thermochemical conversion of these con-

stituents in thermogravimetric analysis (TGA). Pure cellulose shows a relatively narrow

temperature range for the reactions. It is composed of crystalline and amorphous phases

[208, 209], which randomely decompose into chains of about 200 anhydroglucose units

before further decompose to levoglucosan [210]. Cellulose decomposes in the temperature

range 280 to 380 ◦C with highest reaction rate at 350 ◦C [211].

Hemicellulose and lignin structures vary among the plant species and can highly affect the

pyrolysis behavior and product compositions [212]. The primary pyrolysis of hemicellulose

occurs mainly in the temperature range 190 and 380 ◦C with a maximum reaction rate

at 310 ◦C [209, 213–215] and a local maximum at 260 ◦C. This wider temperature range

indicates a lower thermal stability of hemicellulose compared to cellulose that is probably

related to the lack of crystallinity in hemicellulose [216]. Xylan, which is often used as

the representative of hemicellulose, provides a double peak at 246 and 290 ◦C [214], in





  

which the distribution of volatiles is similar to cellulose [52]. A mass loss occurring at

temperatures greater than 350 ◦C is attributed to the char forming reactions. The char

yield from xylan can be twice greater than that of cellulose and three times greater than

that of glucomannan [217]. However, the large variation of the different hemicelluloses

hampers the usage of a single representative [215]. Xylan as the least stable compound

produces up to 20 % solid residue [218], whereas the fixed carbon content of pyrolyzed

β-glucan can be as low as 1.3 % [215].

Lignin decomposes in the temperature range 200 to 500 ◦C with the maximum reaction

rate at 360 and 400 ◦C [209, 214, 219]. The solid yield slowly decreases from 50 % at

500 ◦C to about 40 % at 900 ◦C [10, 218]. Similar to hemicellulose, the reactivity of lignin

towards oxidative depolymerization varies among the different structural characteristics,

leading to a specific monomer production [220].

The high oxygen content in biomass and its constitutes can result in the formation of

oxygenates such as carboxyl and carbonyl groups, which are mainly products from de-

composition of cellulose and hemicellulose. Pyrolysis of lignin results in the formation of

phenolic and methoxy groups [64]. The condensate can separate into two phases: one phe-

nolic oil phase that is mostly composed of phenols, ketones, aldehydes etc. and another

phase mostly consists of acetic acid, methanol, acetone etc. [10]. The amount of pyrolysis

water formed in pyrolysis can vary and depends on the biomass origin. Hardwood samples

produce 2 to 3 % point more water than softwood in pyrolysis [44], that is attributed to

the greater amount of acetylated hemicellulose in hardwood than in softwood.

High pyrolysis temperatures result in a more aromatic structure of the charcoal due to

dehydrogenation and cross-linking reactions [32]. The reactions between gaseous species

and the solid char matrix are defined as secondary pyrolysis processes. A portion of the

cleaved bonds in the matrix undergo further reactions and form stable aromatic species

[52].

2.4.2.3 Secondary pyrolysis processes

Primary biomass decomposition is followed by homogeneous gas phase and heterogeneous

gas-solid reactions such as biooil cracking and reforming [221]. The biooil decomposition

occurs mainly in the temperature range 600 to 850C ◦C [52] and can be simplified into

three parallel reactions. Two species decompose, whereas the third specie remains ther-

mally stable [222].

Aromatic species such as furan, benzene, toluene and phenol are mainly formed at temper-

atures above 700 ◦C by gas phase polymerization of unsaturated species such as propylene,

butadiene and butene [52]. The light molecular aromatics are also formed in lignin de-





       

composition. An increase in heat treatment temperature can lead to the greater amount

of aromatic components by tertiary reactions. However, at temperatures above 1400 ◦C

the biooil components are converted to gaseous species [223].

An increasing absolute pressure in combination with a long vapor residence time lead to

an increased solid yield by enhanced cross-linking reactions at relatively low temperatures

[13]. In addition, the increased solid yield is accompanied by a shorter carbonization time

[30], improving the throughput of pyrolysis facilities. Thus, an increase in pressure result

in an overall decrease of the tar an gas yields [224]. At 450 ◦C, the higher heating value

(HHV) of the char decreases with increasing pressure [30], indicating the cross-linking

of oxygen compounds with the char matrix. This effect was reversed at temperatures of

600 ◦C [30].

2.4.2.4 Catalytic effect of alkali metals on biomass pyrolysis

The mineral matter of biomass can substantially affect primary and secondary pyrolysis

pathways by accelerating the dehydration and char forming reactions [10, 225, 226]. An

addition of 0.1 wt.% of potassium or sodium can inhibit the formation of levoglucosan and

lead to high yields of aromatic hydrocarbons and charcoal [52]. Calcium and potassium

similarly affected the char yields in lignite pyrolysis, whereas sodium had lower catalytic

influence on the yield of char from bituminous pyrolysis than calcium and potassium [221].

For the decomposition of levoglucosan, the catalytic effect of cations follows the trend:

K+ > Na+ > Ca2+ > Mg2+, whereas anions follow the trend: Cl− > NO−3 ≈ OH− >

CO2−
3 ≈ PO3−

4 [227].

Mueller-Hagedorn et al. [228] showed that sodium and potassium cations had a stronger

catalytic effect on the softwood char yield than calcium cations in a slow pyrolysis. Nik-

Azar et al. [229] also showed that at intermediate heating rate (1000 ◦C s−1) in fast

pyrolysis sodium and potassium cations have a stronger catalytic effect on the beechwood

char yield than calcium cations. The investigations of Dall’Ora et al. [230, 231] at fast

heating rates (≈ 104 ◦C s−1) in an entrained-flow reactor and in a temperature range

of 1000-1400 ◦C showed that Ca and K catalyze cross-linking, leading to higher char

yields and less severe morphological changes of beechwood (high K content) compared to

pinewood (low K content).

2.4.2.5 Classical charcoal production

Globally, about 51 million tonnes of charcoal from were produced in 2016, mainly in

classical charcoal production facilities such as kilns and retorts [232]. About 32 million

tonnes of charcoal (64 %) were produced in Africa using kiln furnaces. In general, these

furnaces are thermodynamically ineffcient and require large amounts of fuel. The modern





  

charcoal production furnaces require 4 to 5 kg of air-dried wood to produce 1 kg of charcoal,

whereas up to 12 kg of wood are required for the charcoal production in traditional furnaces

[13, 233].

There is only a limited charcoal production in Europe. In Germany, about 25000 tonnes

per year of charcoal are produced in a Degussa Retort at a mass conversion efficiency of

about 25 % [234]. An annual sales volume of about 40000 tonnes of charcoal are traded

by Holzkohlewerk Lüneburg [235]. The Lambiotte retort is capable to produce about 9000

tonnes per year of high quality charcoal with an effciency of 30 to 35 % [236].

2.5 Modeling of biomass pyrolysis

Despite the fact that numerous studies exist on biomass devolatilization in pyrolysis, gasi-

fication and combustion, no general accepted model is widely accepted to describe the

final charcoal yield and its chemical composition at elevated temperatures. Several ki-

netic models and reaction pathways have been adopted from coal pyrolysis to describe the

biomass decomposition. Recent models have been proposed to increase the accuracy and

predict the main volatile compounds. However, the kinetic models are mostly based on

experimental data obtained at low or medium final temperature (less 900 ◦C), which cause

challenges for the data extrapolation to higher temperatures. In addition, the charcoal

composition is mostly considered as a solid residue without any information about its

chemical composition. The routes of the biomass pyrolysis modeling are shown in Figure

2.14. In general, the biomass kinetics is described by the Arrhenius equation [8, 40, 237–

241] or rarely by the collision theory or density functional theory (DFT) [240, 242, 243].

The Arrhenius equation is defined as:

k = A exp

(−Ea

RT

)
(2.6)

where k is the rate constant, A is the pre-exponential factor, Ea is the activation energy,

R the universal gas constant and T the absolute temperature. Most studies describe the

biomass pyrolysis as a pseudo first order reaction, resulting in:

dm

dt
= A exp

(−Ea

RT

)
(1−m) (2.7)

The simplest biomass pyrolysis model is the single first order reaction model (SFOR), in

which the pre-exponential factor and the activation energy are constant values obtained

from the kinetic study. Parallel reaction models use multiple kinetic parameter sets to

improve the estimation of volatile species [244]. The consecutive reaction model uses the





       

approach that is based on the kinetic modeling of representative single lignocellulosic com-

pounds such as cellulose, hemicellulose and lignin and the pyrolysis products are grouped

as volatiles, gases and char [212, 245]. However, the consecutive models do not consider

the possible interactions among single lignocellulosic compounds. Different kinetic models

have been proposed using xylan, chlorogenic acid, d-glucose, pentose and hexose-based

polysaccharides model units [33, 212].

Biomass

Pyrolysis data

TGA

Flash pyrolysis

Experimental 
pyrolysis ways

Kinetic models

DAEM SFOR

Single and
multistep 
product
kinetics

Chemical models

Chemical analysis

Ultimate and
proximate NMR Steam 

explosion SEM

CPD CHL

Multistep bond
kinetics

+
Molecular structure

+
Flash distillation

Multistep global
kinetics

+
Macro particle 
mass transport

Figure 2.14: Methodological approaches for biomass pyrolysis [246]

To widen the activation energy range of the reaction rate, a distributed activation

energy model (DAEM) can be used. The first DAEM was introduced in 1942 for the

irreversible resistance changes of metallic films [247] and was later adopted to the prob-

lem of coal devolatilization [248]. In comparison to the SFOR model, the DAEM divides

the decomposition mechanism into an infinite number of parallel reactions with different

activation energies, reflecting the different bond strengths of molecules. Anthony assumed

that the activation energy can be described by a Gaussian distribution with a mean acti-

vation energy Ea,0 and a standard deviation σ [249, 250]. Thereby, the reaction rate can

be described as:





  

(m0 −m) =
[√

2πσ
]−1

·m0 ·
∫ ∞

0

exp

(
−
∫ t

0

A dt

)
· exp

(
−(Ea − Ea,0)2

2σ2

)
dE (2.8)

This mechanism can be computed by a large amount of parallel reactions. An advantage

of single and parallel reaction models is the low computing time.

More advanced models consider the chemical composition and lattice structure of the

biomass, such as the chemical percolation devolatilization (CPD) model, functional group

- depolymerisation, vaporisation and crosslinking (FG-DVC) model or flashchain model.

These models are available as commercial software. The functional group - depolymer-

ization, vaporization, and crosslinking (FG-DVC) model introduced by Solomon et al.

[251, 252] was later adopted to lignin as the bio-FG-DVC model [253], whereas the bio-

flashchain considers cellulose and pseudo-lignin compounds [254]. The chemical perco-

lation devolatilization (CPD) model describes the devolatilization behavior of tar pre-

cursors on basis of the chemical structure of the feedstock [255], schematically shown in

Figure 2.15. However, these models have some drawbacks, such as limited data in the

supporting database, or absence of consideration of secondary reactions and catalytic ef-

fects of mineral matter [256]. The CPD model is implemented in the software FLUENT

and can be described as:

ξ ξ*
2 δ  2 g

1

k
δ

k
c

k
g

k
b

c + 2 g
2

Figure 2.15: Reaction scheme to represent the devolatilization process [255]

where ξ is the labile bridge, ξ∗ is the reactive intermediate bridge, k is the rate con-

stant, δ is the side chain, g1 and g2 are the light gases and c is the stable char bridge. A

common model used for the biomass pyrolysis includes the formation of an intermediate

solid and secondary reactions, as shown in Figure 2.16.

This model was introduced by Park et al. [257]. A similar model that is known as the

competitive biomass pyrolysis scheme includes secondary tar cracking [241]. A similar

reaction scheme was proposed by Grieco and Baldi with different molecular weight tar

species, as shown in Figure 2.17. This model considers the formation of charcoal by the

crosslinking of tar precursors [239].
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Figure 2.17: Reaction scheme proposed by Grieco and Baldi [239]

The fixed carbon content is generally measured for the charcoal samples and correlated

to the molar H/C and O/C ratios [34] and thus, the fixed carbon yield can be estimated

from the literature data for intermediate temperatures. However, the reviewed models do

not include the elemental composition of biomass and the further decomposition at higher

temperatures. The formation of an intermediate solid can be described by the formation

of a metaplast observed at high heating rates.

2.6 Current state of knowledge

Charcoal has some drawbacks to replace metallurgical coke in ferromanganese production.

The low mechanical stability of charcoal hampers the long distance transport and the

charge into the closed furnace. In addition, the high volatile matter content and high

reactivity towards CO2 are technical risks for closed hearth electric arc furnace, whereas

the low sulfur content and improved electrical resistance are advantageous. However, the

charcoal properties in literature were mainly provided by heat treatment temperatures less

1000 ◦C or for high temperature post-treatment processes of undefined charcoals. Thus,

it is not well investigated which effect a high primary and secondary heat-treatment on

the final properties, especially the CO2 reactivity have.







Charcoal pelletizing has been investigated with several binders to improve the specific

density and the mechanical stability. However, the addition of different binder can increase

the ash content of the pellets and decrease the overall economics. Biooil as a novel binder

can improve the properties, such as the mechanical stability and electrical resistivity.

Thereby, the unstable compounds of the biooil can be removed and the carbon yield

increased. However, the volatile matter coming from the biooil content of the pellets

must be decreased before the pellets are suitable for the closed hearth EAF. The secondary

heat treatment and the biooil conditioning will be investigated on charcoal and charcoal

composite pellets for the use in EAF.
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Biomass. IEA Bioenergy; 2013 Task 40: Sustainable International Bioenergy Trade.

[182] J.-P. Birat, F. Hanrot, and G. Danloy. CO2 mitigation technologies in the steel

industry: A benchmarking study based on process calculations. STAHL EISEN,

123:69–72, 2003.





       

[183] B. Monsen, M. Grønli, L. Nygaard, and H. Tveit. The Use of Biocarbon in Nor-

wegian Ferroalloy Production. Infacon IX, Quebec City, Canada, 9:268–276, 06

2001.

[184] H. Zhang, G. Zhu, H. Yan, T. Li, and Y. Zhao. The Mechanism on Biomass

Reduction of Low-Grade Manganese Dioxide Ore. METALL MATER TRANS B,

44(4):889–896, 2013.

[185] Elkem. The road to climate neutral metal production. Elkem,

https://www.elkem.com/.

[186] A.V. Bridgwater and S.A. Bridge. A Review of Biomass Pyrolysis and Pyrolysis

Technologies, pages 11–92. Springer Netherlands, Dordrecht, 1991.

[187] M. Trossero, J. Domac, and R. Siemons. Industrial charcoal production. FAO; 2008

FAO TCP 3101.

[188] D.M. Pennise, K.R. Smith, J.P. Kithinji, M.E. Rezende, T.J. Raad, J. Zhang, and

C. Fan. Emissions of greenhouse gases and other airborne pollutants from charcoal

making in Kenya and Brazil. J GEOPHYS RES-ATMOS, 106(D20):24143–24155,

2001,.

[189] A. de Oliveira Vilela, E.S. Lora, Q.R. Quintero, R.A. Vicintin, and T.P. da Silva e

Souza. A new technology for the combined production of charcoal and electricity

through cogeneration. BIOMASS BIOENERG, 69:222–240, 2014.

[190] W.R. Smith, R. Peter, A.W. Toole, C. Arbogast, P.H. Lane, E.G. Lock, and et al.

Production of Charcoal in a Masonry Block Kiln - Structure and Operation. US

Department of Agriculture Forest Service; 1957 September Report No 2084.

[191] A. Saravanakumar and M.T. Haridasan. A novel performance study of kiln using

long stick wood pyrolytic conversion for charcoal production. ENERGY EDUC SCI

TECH, 31:711–722, 01 2013.

[192] P. Rousset, A. Caldeira-Pires, A. Sablowski, and T. Rodrigues. LCA of eucalyptus

wood charcoal briquettes. J CLEAN PROD, 19(14):1647–1653, 2011.

[193] C.E. Brewer, V.J. Chuang, C.A. Masiello, H. Gonnermann, X. Gao, and Dugan, B.

and et al. New approaches to measuring biochar density and porosity. BIOMASS

BIOENERG, 66:176–185, 2014.







[194] Q. Hu, H. Yang, D. Yao, D. Zhu, X. Wang, J. Shao, and H. Chen. The densification

of bio-char: Effect of pyrolysis temperature on the qualities of pellets. BIORE-

SOURCE TECHNOL, 200:521–527, 2016.

[195] J. Peng, X.T. Bi, C.J. Lim, H. Peng, C.S. Kim, D. Jia, and H. Zuo. Sawdust as an

effective binder for making torrefied pellets. APPL ENERG, 157:491–498, 2015.

[196] S.H. Larsson, M. Rudolfsson, M. Nordwaeger, I. Olofsson, and R. Samuelsson. Ef-

fects of moisture content, torrefaction temperature, and die temperature in pilot

scale pelletizing of torrefied norway spruce. APPL ENERG, 102:827–832, 2013.

[197] S.H. Larsson, M. Thyrel, P. Geladi, and T.A. Lestander. High quality biofuel pel-

let production from pre-compacted low density raw materials. BIORESOURCE

TECHNOL, 99:7176–7182, 2008.

[198] Q. Hu, J. Shao, H. Yang, D. Yao, X. Wang, and H. Chen. Effects of binders on the

properties of bio-char pellets. APPL ENERG, 157:508–516, 2015.

[199] A. Funke, T. Demus, T. Willms, L. Schenke, T. Echterhof, A. Niebel, and et al.

Application of fast pyrolysis char in an electric arc furnace. FUEL PROCESS

TECHNOL, 174:61–68, 2018.

[200] W. Stelte, J.K. Holm, A.R. Sanadi, S. Barsberg, J. Ahrenfeldt, and U.B. Henrik-

sen. Fuel pellets from biomass: The importance of the pelletizing pressure and its

dependency on the processing conditions. FUEL, 90(11):3285–3290, 2011.

[201] L. S. Parfen’eva, T. S. Orlova, N. F. Kartenko, B. I. Smirnov, I. A. Smirnov, H. Mi-

siorek, A. Jezowski, J. Muha, and M. C. Vera. Structure, electrical resistivity, and

thermal conductivity of beech wood biocarbon produced at carbonization temper-

atures below 1000 ◦c. PHYS SOLID STATE+, 53(11):2398–2407, 2011.

[202] T. Griessacher, J. Antrekowitsch, and S. Steinlechner. Charcoal from agricultural

residues as alternative reducing agent in metal recycling. BIOMASS BIOENERG,

39:139–146, 2012.

[203] M.J. Antal, E. Croiset, X. Dai, C. DeAlmeida, W.S.-L. Mok, N. Norberg, and et al.

High-Yield Biomass Charcoal. ENERG FUEL, 10(3):652–658, 1996.

[204] P.R. Solomon, D.G. Hamblen, M.A. Serio, Z.-Z. Yu, and S. Charpenay. A char-

acterization method and model for predicting coal conversion behaviour. FUEL,

72(4):469–488, 1993.





       

[205] P.R. Solomon, M.A. Serio, and E.M. Suuberg. Coal pyrolysis: Experiments, kinetic

rates and mechanisms. PROG ENERG COMBUST, 18(2):133–220, 1992.

[206] G. Migliavacca, E. Parodi, L. Bonfanti, T. Faravelli, S. Pierucci, and E. Ranzi. A

general mathematical model of solid fuels pyrolysis. ENERGY, 30(8):1453–1468,

2005. Dubrovnik Conference on Sustainable Development of Energy, Water and

Environment Systems.

[207] Y. Zhao, M.A. Serio, and P.R. Solomon. A general model for devolatilization of

large coal particles. SYMP INT COMBUST PROC, 26(2):3145–3151, 1996.

[208] D.K. Shen and S. Gu. The mechanism for thermal decomposition of cellulose and

its main products. BIORESOURCE TECHNOL, 100(24):6496–6504, 2009.

[209] F.-X. Collard and J. Blin. A review on pyrolysis of biomass constituents: Mecha-

nisms and composition of the products obtained from the conversion of cellulose,

hemicelluloses and lignin. RENEW SUST ENERG REV, 38:594–608, 2014.

[210] A. Broido and F. J. Kilzer. A Critique of the Present State of Knowledge of The

Mechanism of Cellulose Pyrolysis. FIRE RES, 1-5:157–161, 1959 to 1963.
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Chapter 3

Experimental study

This chapter describes the experimental investigation of the heat treatment of biomass and

the analysis procedure to evaluate the produced charcoal. The initial heat treatment is

defined as primary pyrolysis, while the consecutive is defined as secondary heat treatment.

The used setups and analytical procedures are described in the following sections.

3.1 Selection of biomass

Different wood species were selected for the production of biochar, namely Norway spruce

(Picea abies), sessile oak (Quercus petraea) and constituents of Scots pine trees (Pinus

sylvestris). The samples were selected as local representatives of softwood and hardwood,

which differ more in compositional analysis and ash content than within same group of

plants. The spruce and oak samples were prepared from a whole tree, which were felled in

Dømmesmoen, Grimstad, Norway in 2012 and 2016. The age of the trees was determined

by the annual rings to 39 years for Norway spruce, respectively 46 years for sessile oak.

Scots pine trees were harvested in northern Sweden with an average age of 147 years.

Green needles, branches without needles and bark from basal log were investigated of

Scots pine.

3.1.1 Sample preparation

Norway spruce and sessile oak samples were chipped by a disc chipper to a particle

size less 20 mm. The complete samples were dried in a laboratory drier at 60 ◦C before

storage. Prior to wood characterization, the biomass samples were divided into six equal

fractions using a riffler. The particle size distribution was determined according to EN

ISO 17827-1:2016 in a vibrating vibrating EFL2000 sieve shaker (ENDECOTTS, United

Kingdom), comprising ten sieves ranging from 2 to 20 mm and a bottom pan (< 2 mm).

Particles remaining on each sieve and in a bottom pan were collected and weighed using
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an electronic top pan balance (readability ±0.01 g). Sieving was conducted for 15 min

at 3 mm amplitude [1]. Two biomass samples were comminuted in a laboratory-scale mill

POLYMIX PX-MFC 90 D (KINEMATICA, Switzerland) with a sieve size of 0.8 mm. The

samples were divided into four equal fractions using a riffler.

3.2 Pyrolysis setup

The charcoal samples were generated in the slow pyrolysis reactor, as shown in Figure 3.1.

The reactor can be operated at temperatures up to 1350 ◦C and heating rates up to

20 ◦C min−1. A sample mass of 60 g wood chips was selected for each experiment, which

was filled homogeneously into the pyrolysis retort. The retort has an inner diameter of

75 mm, a height of 150 mm, a wall thickness of 2 mm and is made of silicon carbide (SiC).

The bulk temperature was monitored by a thermocouple type S (T2, max. 1600◦C). The

pyrolysis setup encloses a two-stage cooling system with a condensate collector as de-

scribed in section 3.2.1 and a pyrolysis gas sampling unit. The connection pipes between

the retort and the condensation unit were made of quartz glass with an inner diame-

ter of 16 mm. The connection pipes were heated up to 350 ◦C by a heating tape HBQ

(Hillesheim, Germany) to minimize the condensation and thermal decomposition of tars.

The temperature was controlled by a temperature regulator MC1 (HORST GmbH, Ger-

many). The reactor retort was continuously purged by nitrogen at defined flow rate of

100 ml min−1. The inlet flow was controlled by a flowmeter HFC-202 (Teledyne, USA).

A similar flowmeter was used to measure the gas volumne flow after condensation. Data

collection was based on the LabView software (version 8.6).

The wood samples in the retort were preheated in nitrogen at 10 ◦C min−1 to 160 ◦C with

an residence time of 30 min. The dried wood was then heated at 10 ◦C min−1 to the pri-

mary pyrolysis temperature ranging from 500 to 1300 ◦C and kept at the final temperature

for 1 h to ensure a complete conversion. After the heating program was finished, the fur-

nace was turned off and the charcoal sample was cooled overnight in nitrogen (0.3 l min−1).

Samples were stored in sealed plastic containers.

3.2.1 Slow pyrolysis reactor

A modified SQ11 toploader furnace (Kittec, Germany) was used for the primary pyrolysis.

An additional energy-saving package was installed to reduce heat losses and thermal wear

of the furnace. The inner dimensions of the heated furnace chamber are 220 mm x 220 mm

x 220 mm. A thermocomputer TC 505 (Bentrup, Germany) was used to control the

heating program of the furnace.

A two stage condensation unit was used to separate the liquid fraction from the gases.





  

A 250 mm Liebig condenser with an inner diameter of 20 mm made of Duran glass was

installed as condenser 1. The condenser was kept to 20 ◦C by tap water and connected

to a 500 ml two-necked flask made of quartz glass, which was used to collect the liquid

products. A consecutive 250 mm ball condenser with 5 balls (40 mm diameter) was cooled

to 4 ◦C by a cryostat ECO RE 620 S (Lauda, Germany). A molecular sieve was installed

downstream the second condenser to remove remaining liquids.
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Figure 3.1: Slow pyrolysis reactor

3.2.2 High temperature furnace

The secondary heat treatment of the samples was carried out in high temperature reduc-

tion furnace LHTG 200-300/20-1G (Carbolite Gero, Germany) as shown in Figure 3.2.

The furnace can be operated at temperatures up to 1800 ◦C and at heating rates up to

20 ◦C min−1. 5 g of the char sample were loaded into a 70 ml alumina crucible (Almath

Crucibles Ltd, UK) placed in middle of the graphite retort. The reduction furnace was

completely evacuated and purged by argon before the experiment. The char sample was

heated in argon at 10 ◦C to 700, 1000, 1300 and 1600 ◦C and kept at that temperature

for 2 h to ensure complete conversion. After the heating program was finished the sample

was cooled at a rate of 20 ◦C min−1 to room temperature. The samples were stored in

sealed plastic containers.
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Figure 3.2: Schematic of the high-temperature reduction furnace at University of Agder

3.3 Liquid analysis

The biooil yield is comprised of the mass difference from the collection flask, condensers

and connection pipe before and after the experiment. The condensed biooil in the connec-

tion pipes and the two condensers was dissolved in anhydous methanol (VWR chemicals,

Norway) and mixed with the biooil collected in the flask. The sample was diluted by

methanol by a factor of 2.5. The samples were stored in closed sample bottles in a freezer

at -20 ◦C.

3.3.1 Determination of water content

The water content of the biooil was determined in a Karl Fischer KF1000 volumetric

titrator (Hach, Germany). The experiments in the Karl Fischer titrator were conducted

with the two component reagents titrant T5 (Merck, Germany). First, the dissolved

biooil samples were homogenized and 1 ml of each sample was raised into a syringe. After

stabilization of the measuring cell, about 0.1 g of the sample was injected into the solvent

in the cell. The mass difference of the syringe was noted with a readability of 1 mg. The

experiments were carried out at room temperature as a duplicate with a maximum error

of ± 0.5 %.





  

3.3.2 Gas chromatography

5µl of an internal standard (Chlorobenzene, Sigma-Aldrich) were injected into the biooil-

methanol mixture for semiquantification. Prior to a quantitative analysis in GC-FID,

the biooil components were identified using a dual detector system GC-MS 5975C TAD

Series / GC-FID 7890A (Agilent Technologies, USA). Nitrogen was used as a carrier gas

with a constant flow rate of 1 ml min−1. The column temperature program ran from 50

to 280 ◦C. The initial temperature of 50 ◦C was kept for the 2 min. Consecutively, the

temperature was increased to 160 ◦C at a constant heating rate of 1.5 ◦C min−1, following

by a second ramp at a rate of 6 ◦C min−1 to 230 ◦C, and a third up to 280 ◦C at a heating

rate of 8 ◦C min−1, at which the temperature was kept for 5 min. The range from m/z 35

to m/z 250 was scanned by a quadrupolar type analyzer at a scan rate of 6.22 scans s−1.

0.5,µl of sample were injected at a 4:1 split ratio as a triplicate. The collected spectra

were exported from Chemstation E.02.00.493 (Agilent Technologies, USA) to NetCDF

and further processed by the statistical software ”R” 2.15.2 that can acquire and align

the data, correct baseline, set time-window and perform multivariate analysis [2]. The

multivariate analysis using MCR-AR algorithm yielded deconvoluted mass spectra with

the well-resolved overlapping peaks [3], which were imported into the mass spectra library

software NIST MS Search 2.0 [4]. The area of peaks was normalized to 100% within

each sample and the mean of triplicate measurements was calculated. The peaks with

mass spectra similarity higher than 80 % were used in the biooil quantification. The

relative response factors (RRFs) were determined for each compound in tar samples using

MatLab (version 8.6, MathWorks Inc.). The quantitative analysis of tar compounds was

performed on a gas chromatograph 7820A (Agilent Technologies, USA) equipped with

a flame ionization detector (GC-FID) and DB-EUPAH capillary column (30m length,

0.25 mm internal diameter, 0.25µm film thickness) at University of Limerick, Ireland.

The column temperature and carrier gas settings were programmed the same as those

used in GC-MS analysis. The temperatures of the injector and detector were kept at 250

and 300 ◦C, respectively. Data acquisition and processing were performed using Agilent

OpenLAB CDS EZChrom A.02.02 (Agilent Technologies, USA). Most probable species

were calibrated at four levels with solutions of known concentration and 5 replicates per

level.

3.4 Charcoal characterization

The charcoal samples were split into 4 fractions using a riffler. One fraction was crushed

in a mortar with a ceramic pestle and sieved to a particle size < 0.25 mm. Proximate

and ultimate analysis were carried out with the particle size < 125µm, whereas thermo-





       

gravimetic analysis was carried out with a particle size between 0.125 and 0.25 mm.

3.4.1 Standard analyses

3.4.1.1 Proximate analysis

The proximate analysis comprises the measurement of the moisture, ash, volatile mat-

ter and fixed carbon contents. Moisture content of fresh produced charcoal samples is

inapplicable, but the moisture content was measured for the samples which were in equi-

librium with atmospheric condition. The ash content was determined according to the

standard test ISO 18122:2015. The fixed carbon content was determined according to the

procedure described in BS ISO 15148. The fixed carbon yield of the charcoal samples was

calculated according to equation 2.3.

3.4.1.2 Ultimate analysis

The ultimate analysis of the biomass and charcoal samples was performed on the Elemen-

tal Analyser 2400 CHNS/O Series II (Perkin Elmer, USA). The analyzer was operated

in CHN mode with argon as the carrier gas. Each experimental point was carried out

as a triple determination with about 1.5 mg of dried material. Acetanilide was used as a

calibration and reference material. The ash content was taken from proximate analysis

by parallel samples.

3.4.2 Solvent extraction

The amount of condensed biooil on the charcoal surface was investigated by Soxhlet

extraction. 5 g of untreated charcoal were weighed in a quartz thimble with a readability

of 1 mg and placed in the Soxhlet extractor. In the first extraction, 100 ml of distilled

water were used as a solvent. The sample was dried at 106 ◦C before weigh out. The

same sample was treated with a subsequent acetone extraction. The mass differences in

the extraction stages were taken as water soluble and acetone soluble fraction.

3.4.3 Thermogravimetric study

The thermal decomposition of char samples was determined using an thermogravimetric

instrument TGA/DSC 1 STARe System (Mettler Toledo, USA). 5 mg of the charcoal

samples were loaded into an Al2O3 crucibles with a volume of 70µl. The charcoal samples

were firstly heated up to 110 ◦C and kept 30 min at the temperature for drying. The dried

samples were subsequently heated up to 1100 ◦C at a constant heating rate of 10 ◦C min−1





  

and kept at the final temperature for 15 min. A constant nitrogen volume flow of 100 ml

min−1 was used to render the chamber inert and ensure pyrolysis conditions. After the

heating program was finished the gas was switched to air to determine the not reacted

organic content. The same heating program was used for parallel samples in CO2, in

which the reactivity of char was investigated in 10, 20, 60 and 100 % volume fraction of

CO2. The reaction threshold temperature is defined as the temperature that corresponds

to the appearance of the sample mass decrease [5]. The reactivity in CO2 was compared to

the non-isothermal measurements in N2 to deduct the mass loss by incomplete pyrolysis.

The kinetic parameters of char samples were derived by the integral method presented by

Coats and Redfern [6].

ln

(
− ln(1−X)

T 2

)
= ln

(
AiR

κEa

)
− Ea

RT
(3.1)

Where X is the conversion, T is the thermodynamic temperature, κ is the heating rate

and R is the gas constant. A plot of ln(-ln(1-X) T−2) versus T−1 gives a straight line

whose slope and intercept determine the values of the activation energy (Ea) and pre-

exponential factor (Ai). The reactivities of charcoal samples were compared using the

reaction rates calculated from the derived kinetic parameters (Ai and Ea) at a fixed

gasification temperature of 1000 ◦C.

3.4.4 SEM microscopy

Scanning electron microscope (SEM) analysis were carried out on two systems. The over-

all structure of the charcoal pellets were investigated by a JSM-6400 Scanning Microscope

(Jeol, Japan). SEM/EDS analysis of char was conducted on a high-resolution field emis-

sion microscope SU-70 (Hitachi, Japan) under high vacuum in order to understand char

structural properties. Prior to the analysis by SEM/EDS, char samples were coated with

a thin layer of gold (2 min, 20 mA) using an Edwards S150B Sputter Coater to avoid

sample charging.

3.4.5 Electrical resistivity

The electrical resistivity was determined for the charcoal and charcoal based pellets. First,

the electrical resistivity was investigated by the measurement of the electrical conductiv-

ity using a 34470A 7 1/2 Digit Multimeter (Keysight Technologies, USA). The sample

was placed on a socket and connected to the four probes of the source meter and the

microelectrodes. Two adjacent electrodes were connected to a multimeter 287 (Fluke,

USA), whereas the other two electrodes were connected to the current source (ISO-Tech





       

IPS 3303) of the source meter, as it was reported by Sun et al. [7]. A charcoal pel-

let was connected by four different electrodes to the source meter based on the van der

Pauw electrode geometry [8]. The electrical conductivity was determined according to

equation 3.2:

σ =
L

R ∗ A (3.2)

where σ is the electrical conductivity, A is the cross-sectional area, L is the length of the

resistor, and R is the resistance between two Ti-Au electrodes. The electrical resistivity

(ρ) is defined as:

ρ =
1

σ
(3.3)

3.4.6 Particle shrinkage - heating microscope

The silhouettes of biomass cubes and charcoal pellets were investigated in inert atmo-

sphere using a heating microscope EM-201-17 (Hesse Instrument, Germany). The heat-

ing microscope is schematically shown in Figure 3.3. The height, width, area and particle

shape were analyzed at temperatures up to 1200 ◦C. Wood cubes and charcoal based pel-

lets with an edge length of 3 to 4 mm were placed in a center of the sample plate above the

tip of the thermocouple. The heating chamber was continuously purged by nitrogen at a

constant rate of 500 ml min−1, which was controlled by a flowmeter HFC-202 (Teledyne,

USA).

N
2

1 2 3 4 5 6

Figure 3.3: Schematic of the Hesse heating microscope. 1 Lamp, 2 Thermocouple S, 3

heating chamber, 4 sample, 5 CCD camera, 6 computer

3.4.7 External analysis

Some charcoal analyses were carried out in collaboration with University of Duisburg-

Essen (Germany), National University of Ireland (Ireland), University of Limerick (Ire-

land), Materials Chemistry Research Center (Thailand), The University of York (UK),

Lule̊a University of Technology (Sweden), Swedish University of Agricultural Sciences

(Sweden), Eurofins Environment Testing (Sweden), National Energy Technology Labora-

tory (USA), Ghent University (Belgium) and GNF Berlin-Adlershof e.V. (Germany).





  

3.4.7.1 Raman spectroscopy

Raman spectroscopy was performed using an inVia Raman microscope (Renishaw, UK)

operating with a 514 nm laser line at a power of 30 mW. The measurements were per-

formed in static mode with a centre at 1600 cm−1 resulting in a 960-2200 cm−1 spectral

region. The laser power was set to 100 % in the software and roughly 30 % in the hard-

ware. 1 s exposure time was used in normal confocality mode. A 20x lens and 8-15µm

step size (X and Y directions) were used for mapping, and to generate 100-200 spec-

tra/images for each charcoal sample. Cosmic rays were removed and the data was sub-

jected to multivariate noise filtering using the WiRE chemometrics package version 3.0

(Renishaw, UK). Spectra were saved as text files and processed via the free, open-source

MatLab script provided by the Vibrational Spectroscopy Core Facility at Ume̊a University

(www.kbc.umu.se/english/visp/download-visp/). The following parameters were used for

spectra pre-processing: asymmetrical least squares baseline correction with lambda =

20000000 and p = 0.001 [9]; Savitzky-Golay smoothing with the first polynomial order

and frame rate of 3 [10]. Spectra were total area normalized in the entire spectral range.

The corrected spectra from each mapping were then averaged to create a final composite

curve for the peak deconvolution. No spectral scaling was performed. Deconvolution of

the Raman spectra were conducted using the peak fit pro tool in the OriginPro software

(OriginLab, USA) by combination of nine Gaussian-shaped bands (SL, S, DS, D, A1, A2,

GG, GL, and D’) following Smith et al. [11]. The mean crystal size in the a-direction (La)

with the fitting constants C0 = -12.6 nm and C1 = 0.033, which are valid for the laser

wavelength from 400 to 700 nm, is given by [12]:

La =
C0 + C1λL
AD/AGL

(3.4)

3.4.7.2 N2 adsorption analysis

The specific surface area (SSA) of biomass chars was determined based on N2 adsorption

at the boiling point (77 K). To remove remaining volatiles and possible adsorbate, the

char samples were heated to 350◦C in a dry N2 flow prior to the measurement. The

multipoint Brunauer-Emmett-Teller (BET) theory with seven points in the range of p/p0

from 0.06 to 0.3 was applied on the NOVA 2000e instrument (Quantachrome, Germany).

BET equation was used to determine the specific surface area [13].

3.4.7.3 Transmission electron microscopy

Prior to the microscopy, char samples were kept at 350◦C for 6 hours in a thermogravi-

metric instrument to reduce the amount of volatiles. Samples were ground in a mortar

to ensure a homogeneous particle distribution, sonified in deionized water for 30 min, wet





       

dispersed on a lacey carbon copper grid and dried at room temperature for 20 min. Char

nanostructure was studied using a FEI Tecnai operated at 300 keV, equipped with an

Oxford Instruments X-Max SDD EDS detector. The curvature of a single graphene sheet

is defined in equation 3.5:

Curvature =
Length

F iber length
(3.5)

The length is a straight line that connects both ends of a graphene sheet. The fiber length

is a contour or arc length (supplementary Figure S-1). Both length and fiber length were

estimated by Gatan Digital Micrograph software according to method of Müller et al. [14].

The part of the image with the more visible graphene layers was magnified to a size of

10 nm x 10 nm, and both length and fiber length were manually determined by the software

ruler which draws a straight or contour line to connect both ends of a graphene sheet.

3.4.7.4 Mercury intrusion porosimetry

The pore size distribution and porosity of char samples were determined by a Pascal

mercury intrusion porosimeter system equipped with two instruments. Porosity in the ul-

tramacro and macropore regions was measured by Pascal 140 porosimeter (Micromeritics,

Germany) at the low pressures (up to 400 kPa). A Pascal 440 porosimeter equipped with

a dilatometer (Micromeritics, Germany) was used to determine the pore size from 1.8 to

7500 nm at high pressures up to 400 MPa. To access the pores and voids within biomass

particles, the samples were degassed at room temperature prior to the measurement. Prior

to the porosity analysis, wood fractions were dried at 50 ◦C in an oven desiccator for 48 h.

3.4.7.5 Pore volume and size

The pore sizes in the char were distinguished into three categories: micropores (1.8-

80 nm), mesopores (80-500 nm) and macropores (0.5-58µm) [15, 16]. The pore volume

can be derived from the quantity of intruded mercury. The pore size distribution is

determined according to the Washburn equation [17]:

Dp = −4γcosΘ

p
(3.6)

In equation 3.6, Θ is assumed to be equal to 141◦ [18] and γ is equal to 0.48 N m−1 [15].

The median pore diameter (Dmd) is defined as the pore diameter at which 50 % of total

intrusion was reached. The average pore diameter (Dpa) is calculated, assuming that all

pores are cylindrical, in equation 3.7:

Dpa = −4Vcum
SSA

(3.7)

The cumulative pore volume distribution is calculated in equation 3.8:

Vcum(D) =
−dVp
dlogDp

(3.8)





  

3.4.7.6 Helium pycnometry

The skeletal density is defined in accordance with DIN 66137 (Part 2) standard by equa-

tion 3.9:

ρs =
ms

Vs
(3.9)

The calculation of skeletal density excludes the porosity within the particles and the

interparticle voids. The skeletal density was determined using a helium pycnometer (PO-

TOTEC GmbH, Germany) at room temperature.

3.5 Charcoal based pellets

Charcoal pellets were pressed from the milled charcoal and the biotar from the pyrolysis

experiments on a single pellet press tool (Fistreem International Ltd, UK) similar to

that described by Rudolfsson et al. [19]. The water fraction of the biooil was removed

by vacuum distillation (300 mbar, 75 ◦C) by a rotary evaporator and the bottom product

(biotar) was used as a binding agent. The pellet press tool comprises a metal cylinder with

a press channel and a backstop, schematically shown in Figure 3.4. The press channel has

an inner diameter of 12 mm and a maximum length of 40 mm. The charcoal was mixed

and homogenized with the biotar as a binder and water in a mass ratio of 65:30:5. 3 g of

the mixture were fed into the die of the pellet press. After pelletization of the material,

the backstop was removed and the pellet removed from the steel die and stored for 24 h

in an oven desiccator. A number of pellets were heat treated at 400 ◦C to remove the

volatile fraction of the biotar and to study the influence of the heat treatment on the

pellet hardness and durability.

Backstop

Pelletizing material

Metal cylinder

Press channel

Piston

Figure 3.4: Manual single pellet press tool with 12 mm press channel at University of Agder.





       

3.5.1 Pellet hardness

The hardness of a single charcoal pellets were investigated using a pellet hardness tester

(AMANDUS KAHL, Germany). A charcoal-based pellet was placed transverse between

a die and a punch. The force was increased until the pellet broke, in which the applied

force was reported as a destructive force in newton. The analysis was carried out as a

triplicate.

3.5.2 Pellets ligno durability

The durability of the charcoal pellets was investigated in a Ligno tester (Borregaard,

Norway) [20]. 100 g of pellets were treated for 60 s in a pressurized airstream with 70 mbar.

The fine particles were separated by a 3.15 mm sieve and the ligno durability of charcoal

pellets was calculated as the weight percentage of the remaining treated pellets.

3.5.3 Charcoal-manganese-oxide and silicon-oxide composite pel-

lets

Charcoal produced at 900 ◦C in primary pyrolysis was mixed with biotar and manganese-

oxide ore in a ratio of 1:2:4 (biotar:charcoal:ore), and 2.5 to 3 g of the mixture were

compacted into pellets. The length and diameter were measured with the readability of

0.01 mm. The electrical resistivity of pellets was investigated before and after an addi-

tional heat treatment at 400 ◦C. The charcoal-manganese-oxide and silicon oxide pellets

were reacted at 1600 ◦C in the high-temperature furnace and kept at that temperature

for 2 h. The solid residue was was cooled overnight in nitrogen (0.3 l min−1), cast in resin

and used in the optical microscopy analysis.

The same mixture was pressed into small pellets using the hand press tools from the heat-

ing microscope. The charcoal-ore pellets had a diameter of 3 mm and a height of 3 mm.

The pellets were heated up to 1200 ◦C in a nitrogen flow of 500 ml min−1 to investigate

shrinkage and dilation of the mixture.

3.5.4 Industrial reduction agents

Three different reducing agents were selected as reference materials from Norwegian in-

dustry. A metallurgical coke used in manganese production, a petroleum coke (petcoke)

used in silicon carbide production and an activated charcoal. The analyses comprises the

proximate and ultimate analysis, ash analysis and reactivity in CO2.







3.5.5 X-ray Micro-Computed Tomography

(XµCT) X-ray Micro-Computed Tomography (XµCT) was carried out on charcoal pel-

lets before and after secondary heat treatment. The charcoal pellets were scanned using

the HECTOR X-ray CT system [21, 22] by the Ghent University Centre for X-ray To-

mography (UGCT, www.ugct.ugent.be). The HECTOR system has been developed and

built by the Radiation Physics group of the UGCT in collaboration with TESCAN XRE,

(www.XRE.be, part of the TESCAN ORSAY HOLDING a.s.), formerly known as XRE,

a UGCT spin-off company. More specifically, a Region Of Interest (ROI) of an untreated

and heat treated pellet was scanned without subsampling, thus avoiding any artifacts due

to sample manipulation. The X-ray tube voltage and tube power were 70 kV and 10 W,

respectively. 2401 projections were collected, with an exposure time of 1 s, over a sample

rotation of 360◦, resulting in a total scan time of 1 h. The volumes were reconstructed

using the Octopus Reconstruction software [23], licensed by XRE, and the spatial resolu-

tion in terms of approximate voxel pitch was 3.5µm. The reconstructed pellet structure

corresponds to a cylinder with a diameter of 6.7 mm and a height of 5.9 mm. In order to

calculate the porosity within the pellet volume, segmentation was carried out by thresh-

olding using Otsu’s method as a first estimate but further fine-tuned visually. Image

analysis was carried out using Octopus Analysis, formerly known as Morpho+ [24], while

the 3D visualizations were performed with VGStudio MAX3.2 (Volume Graphics GmbH).
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a b s t r a c t

This study investigates the effect of high-temperature pyrolysis and post-treatment processes on spruce
and oak charcoal yields and CO2 reactivity in a slow pyrolysis reactor. Post-treatment processes such as
co-pyrolysis of biomass and recirculated tar mixture with that to the distillation of the charcoal-tar blend
gave similar increase in charcoal yields. From a technological standpoint, co-pyrolysis of charcoal and tar
mixture decreased the CO2 reactivity of the charcoal approaching that of fossil-based coke. This
emphasize the importance of tar addition and high temperature treatment on charcoal properties.
Moreover, the findings of this work show the potential use of the tar organic fractions as a binder that
can be used for the charcoal pellet preparation. The results are promising as they show that the charcoal-
based pellets have comparable properties of pellets from herbaceous biomass leading to the cost
reduction in charcoal transportation and storage.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

The reduction of anthropogenic greenhouse gas emissions is one
of the greatest challenges in coming decades [1]. Carbon dioxide is
considered as the main source for anthropogenic climatic change.
Metallurgy is one of the most energy intensive industries, which is
responsible for about 10% of the global anthropogenic CO2 emis-
sions [2,3]. The use of biomass and its derivatives as CO2 neutral
reduction agents in metallurgical processes can be a possible so-
lution to decrease emissions. However, the metallurgical produc-
tion nowadays is based on the use of fossil-based fuels due to the
limited knowledge of charcoal properties and its high costs.

Ferroalloys are defined as iron-rich alloys which contain high
proportions of Si, Mn, C, Cr, etc. which improve tensile strength,
wear, corrosion resistance and toughness [4]. Ferroalloys are
mainly produced in submerged-arc furnaces at temperatures >
1500 �C. A three-phase electrode is inserted into a mixture con-
sisting of ferroalloys and carbonaceous reductants [5,6]. The

carbonaceous material acts as a reducing agent to form the base
metal [7]. The most important properties of carbonaceous re-
ductants are high reactivity, high conversion rates, low levels of
impurities (such as sulphur and phosphorus), high bulk density and
energy density [8,9]. The high reactivity of charcoal reductant may
be advantageous in some cases within the ferroalloy industries.
However, the use of a reductant more reactive than fossil-based
coke may increase maintenance costs due to the decreased elec-
trical conductivity [10,11]. Previous studies have examined distil-
lation of bio-oil and charcoal blends which increased the char
yields by over 15% and decreased the reactivity of remaining post-
distilled solid residue [12e14]. Likewise, the low bulk density and
energy density of charcoal necessitate relatively large equipment
for handling and storage. Thus, the cost of charcoal reductants is not
competitive with fossil-based coke [15]. Pelletization of charcoal
using recycled tar as a binding agent has potential to increase the
charcoal mechanical strength and bulk density leading to the
reduction in transportation and storage cost [16]. However, there is
little data in the literature that describes the effects of tar used as a
binding agent on resulting charcoal pellet properties that impact
metallurgical applications. This adds uncertainty to the use of
recycled tar addition as an approach to increase the mechanical
strength and decrease charcoal reactivity. In order to increase the
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solid char yield and adjust the charcoal reactivity, metallurgical
industries strive to understand how charcoal properties are corre-
lated with heat treatment temperatures and composition of py-
rolysis products.

In this study, the impact of heat treatment temperature, sec-
ondary heat treatment, feedstock origin, and co-pyrolysis with tar
on the product yields, CO2 reactivity and charcoal-based pellet
properties were investigated. The specific objectives of this study
were to: (1) determine the treatment conditions which decrease
char reactivity and increase the yield of charcoal for the further use
in pellets production and (2) understand the influence of post-
pyrolysis processes on the charcoal properties.

2. Materials and methods

2.1. Raw biomass characterization

Norway spruce (Picea abies) and oak (Quercus petraea) from
Dømmesmoen (Grimstad, Norway) were harvested in 2012 and
2016. The age of the Norway spruce was 39 years, whereas oak was
46 years. Feedstock selection was based on the differences in ash
composition and plant cell compounds (cellulose, hemicellulose,
lignin, extractives) of softwood and hardwood. Norway spruce is
low in ash and with lower potassium and calcium contents than
oak, whereas oak is low in lignin content. Both spruce and oak
samples were chipped by a disc chipper to 5e20mm and dried at
60 �C before storage. Prior to the wood characterization, biomass
samples were divided into six equal fractions using a riffler. A
vibrating EFL2000 sieve shaker (ENDECOTTS, United Kingdom)
comprising ten sieves ranging from 2 to 20mm in opening size and
a bottom pan (< 2mm) was used (EN ISO 17827-2:2016) to
determine the particle size distribution.

2.2. Slow pyrolysis reactor

The charcoal samples were generated in the slow pyrolysis
reactor, as shown in Fig. 1.

The reactor can be operated at temperatures up to 1350 �C and
heating rates up to 20 �Cmin�1, as reported by Surup et al. [17]. The
pyrolysis retort (inner diameter: 75mm, height: 150mm, wall
thickness: 2mm) is made of SiC material. The sample temperature
was monitored by a thermocouple type S (max. 1600 �C). The py-
rolysis setup encloses a two-stage cooling system with a conden-
sation collector and a pyrolysis gas sampling unit. The connection
pipes (inner diameter: 16mm) between the retort and the
condensation unit were made of quartz glass. The connection pipes
were heated up to 350 �C by a heating tape HBQ (Hillesheim, Ger-
many) and a temperature regulator MC1 (HORST GmbH, Germany)
to minimize the condensation and thermal decomposition of tars.
The volume flow of the N2 gas was measured by the flowmeter
HFC-202 (Teledyne, USA). The reactor was continuously purged by
nitrogen at a defined flow rate of 100mlmin�1. The temperature
control systemwas based on the LabView software (Version 8.6). A
sample mass of 60 g for each experiment was selected. The wood
sample was distributed homogeneously in the reactor's retort, pre-
heated in nitrogen at 10 �C min�1 up to 160 �C and kept at that
temperature for 30min. The driedwoodwas further heated at 10 �C
min�1 to temperatures ranging from 500 to 1300 �C and kept at the
final temperature for about 1 h to ensure the complete conversion.
After the heating programwas finished, the furnace was turned off
and the charcoal sample was cooled overnight in N2 (0.3 l min�1).
Samples were stored in sealed plastic containers.

2.3. High-temperature furnace

The charcoal samples were further treated in the high-
temperature furnace LHTG 200e300/20-1G (Carbolite Gero, Ger-
many). The furnace can be operated at temperatures up to 1800 �C
and at heating rates up to 20 �Cmin�1. Prior to each experiment, 5 g
of the char sample were loaded into the A2O3 crucible (Almath
Crucibles Ltd, UK) placed in the graphite retort middle. Prior to
pyrolysis, the furnace was repeatedly evacuated and purged by
argon. The char sample was heated at 10 �C min�1 up to 700, 1000,
1300, and 1600 �C and kept at that temperature for 2 h. The sample
was cooled to room temperature at a heating rate of 20 �C min�1

and stored in sealed plastic containers.

2.4. Pyrolysis product analysis

Sample preparation. The charcoal samples were crushed to a fine
powder in a mortar with a ceramic pestle and sieved to a particle
size � 0.25mm for the elemental and thermogravimetric analysis.

Fixed carbon yield. The fixed carbon yield of charcoal samples
was determined in equation (1) [18]:

guc ¼ gbc$
FCbiochar

1� ashbiomass
(1)

In equation (1), gbc and FC are the char yield and fixed carbon
content as described in BS ISO 15148:2009.

Elemental analysis. The elemental analysis of raw biomass and
charcoal was performed on Elemental Analyser 2400 CHNS/O Se-
ries II (Perkin Elmer, USA). Acetanilide was used as a reference
standard. The ash contentwas determined using a standard ash test
at 550 �C, according to the procedure described in DIN EN 14775.

SEM microscopy. SEM/EDS analysis of char was conducted on a
high-resolution field emission microscope SU-70 (Hitachi, Japan)
under high vacuum in order to understand char structural prop-
erties. Prior to the analysis, char samples were coated with a thin
layer of gold (2min, 20mA) using an Edwards S150B Sputter Coater
to avoid sample charging.

Thermogravimetric analysis. The reactivity of charcoal was
analyzed by exposing samples to a reactive gas consisting of 100%
volume fraction CO2 in a thermogravimetric instrument TGA/DSC 1
STARe System (Mettler Toledo, USA). In each experiment, 5mg of
the crushed sample were loaded into an Al2O3 crucible. The char-
coal samples were firstly heated up to 110 �C and kept for 30min
isothermally for drying. The dried samples were subsequently
heated up to 1100 �C at a constant heating rate of 10 �C min�1 and
kept at the final temperature for 10min. The reaction threshold is
the temperature that corresponds to the appearance of the sample
mass decrease [19]. Simultaneous non-isothermal thermogravi-
metric measurements of char were carried out in N2 to determine
the mass loss.

Karl Fischer titration. Karl Fischer titration was carried out using
a KF1000 volumetric titrator (Hach, Germany). Tar samples were
first dissolved in anhydrous methanol and then injected into the
titration cell. All titrations were carried out at room temperature
and the experiments had an error of ± 0.5% water content.

Single pellet preparation. Prior to pelletization, the water fraction
of tar was removed by distillation and the heavy fraction was used
as a binding agent. A single pellet press tool (Fistreem International
Ltd, UK) similar to that described by Rudolfsson et al. [20] was used,
that consists of a metal cylinder with a press channel and a back-
stop, as shown in Fig. 2. The char particles were comminuted to a
particle size of < 0.4mm. A 3 g pellet with an diameter of 12mm
and a height of 20mmwas made from charcoal particles, tar binder
and water in the wt. % ratio of 65:30:5. The mixture was dried for
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30min at room temperature before feeding into the mold of a
single pellet press. Once the pellet was pressed, the backstop was
removed and the pellet was extruded from the steel die. The

charcoal pellets were dried for 24 h at 30 �C in an oven desiccator. In
addition, a number of pellets were heat treated at 400 �C in a
tubular furnace to study the influence of heat treatment on the
pellet hardness and durability.

Pellet hardness. The hardness analysis of a single charcoal pellet
was performed using a pellet hardness tester (AMANDUS KAHL,
Germany). A charcoal-based pellet was placed between a die and a
punch. The force was applied on the pellet until it breaks. The result
was reported as a destructive force in newtons. The measurements
were repeated three times.

Pellets ligno durability. Ligno durability of charcoal pellets was
determined by treating 100 g of pellets for 60 s in a pressurized air-
steamwith 70mbar in a Ligno tester (Borregaard, Norway) [21]. The
fine particles were separated by a 3.15mm sieve. The ligno dura-
bility of charcoal pellets was calculated as the weight percentage of
treated pellets remaining on the sieve to the initial sample weight,
as reported by Larsson et al. [22].

Electrical conductivity. Electrical conductivity measurements
were performed using a 34470A 7 1/2 Digit Multimeter (Keysight
Technologies, USA). The connection between the four probes of the
source meter and microelectrodes was established using a socket.
Two adjacent electrodes were connected to the voltmeter (Fluke,
USA), whereas the other two electrodes were connected to the
current source (ISO-Tech IPS 3303) (constant current) of the source
meter, as it was reported by Sun et al. [23]. A charcoal pellet was
connected by four different electrodes to the source meter based on
the van der Pauw electrode geometry [24]. The electrical conduc-
tivity was determined according to equation (2):

s ¼ L
R,A

(2)

In equation (2), s is the electrical conductivity, A is the cross-
sectional area, L is the length of the resistor, and R is the resis-
tance between two Ti-Au electrodes.

Fig. 1. Slow pyrolysis reactor.

Fig. 2. Single pellet press tool.
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3. Results and discussion

3.1. Biomass characterization

The ultimate and proximate analysis of metallurgical coke and
wood was carried out at Eurofins Lidk€oping and shown in Table 1.

The compositional analysis of biomass (cellulose, hemicellulose,
acid-soluble lignin, acid-insoluble lignin, and extractives) was
conducted by Celignis Analytical according to NREL technical re-
ports [25e27] and Thammasouk et al. [28], and is shown in Table 2.

3.2. Elemental analysis

Fig. 3 shows a Van Krevelen plot of original spruce and oak, their
charcoals, and metallurgical coke.

The results indicate that the oxygen content in all char samples
decreased with the higher heat treatment temperature. The spruce
charcoal contained less carbon and more oxygen than oak charcoal.
A point of note is that the elemental composition of oak samples
obtained from pyrolysis at 1300 �C was comparable to the
composition of metallurgical coke.

3.3. Product yields

The product yields from pyrolysis of spruce and oakwith respect
to char and major liquid products (water and organic fraction) are
shown in Fig. 4.

The gas yield was determined by the difference between the
total weight loss and the non-devolatized tar and solid fractions.
The char yield from pyrolysis of both spruce and oak decreased
with increasing heat treatment temperature, from about 29 to 22%
for spruce and from 27 to 20% for oak in the temperature range

from 500 to 1300 �C. The ash content remained only slightly
changed with the increasing heat treatment temperature in py-
rolysis of both feedstocks. The yields of tar organic fraction in py-
rolysis of oak increased slightly from 33 to 38% in the temperature
range from 500 to 900 �C and remained constant at higher tem-
peratures. It was observed that almost similar yields of tar organic
fractions were determined in pyrolysis of spruce, whereas the
water content in spruce tar was 5% points greater than in oak py-
rolysis. Spruce and oak charcoal samples were subjected to an
additional heat treatment in the high temperature furnace. The
fixed carbon content and volatile yield of non-treated charcoal and
samples from pyrolysis in the temperature range from 500 to
1300 �C are shown in Fig. 5. The additional heat treatment led to the
further decrease in fixed carbon content of both charcoal samples
by about 1% point with the increasing temperature from 700 to
1600 �C. It was found that the fixed carbon content of spruce and
oak charcoal samples produced at temperatures� 700 �C increased
after additional heat treatment at 700 and 1000 �C. The proximate
analysis of charcoal samples showed that the mass loss in the
additional high-temperature pyrolysis was mainly caused by the
volatile matter release. The ash content of spruce and oak charcoal
samples remained unchanged after additional heat treatment. The
experiments in the slow pyrolysis reactor demonstrated that the
maximum heat treatment temperature exerted greater influence
on the solid product yield than the feedstock origin and secondary
heat treatment. The solid product yield can be affected by differ-
ences in lignocellulosic composition of biomass, ash content, heat
treatment temperature and secondary heat treatment. Proximate
analysis of the solid residue showed that the ash content of spruce
and oak char samples from pyrolysis in the temperature range from
500 to 1300 �C were not affected by the mass loss, whereas the
yield of an organic matter decreased with the increasing heat

Table 1
Proximate, ultimate and ash compositional analyses of feedstocks.

Fuel Norway spruce Oak Metallurgical coke

Proximate analysis
Moisture, (wt. % as received) 8.6 7.6 0.6
Ash at 550 �C, (wt. % dry basis) 0.8 1.6 11.8
Volatiles, (wt. % dry basis) 80.6 82.6 3
Fixed carbon content (wt. % dry basis) 18.6 15.8 85.2
HHV, (MJ kg-1) 20.3 19.3 27.9
LHV, (MJ kg-1) 18.5 17.5 27.8

Ultimate analysis, (wt. %, dry basis)
C 53.2 50.6 85.6
H 6.1 6.1 0.3
N 0.1 0.2 1.8
S 0.06 0.02 0.6
Cl 0.04 0.02 0.03

Ash compositional analysis, (mg kg-1 on dry basis)
Al 40 20 12000
Ca 2300 3600 6400
Fe 200 50 6300
K 800 1500 1700
Mg 250 300 1300
Na <50 <50 1100
P 200 250 400
Si 550 550 27000
Ti 50 50 550

Table 2
Composition of Norway spruce and oak, calculated in percentage based on dry basis (wt. %).

Biomass Cellulose Hemicellulose
Lignin

Extractives
acid insoluble acid soluble

Norway spruce 37.8 25 27.9 0.7 7.8
Oak 36.7 18.7 19.4 2.5 11
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treatment temperature. The ash content of the original spruce
(0.8 wt. %) was half that in the original oak. Alkali metal ions (Kþ

and Ca2þ) catalyze the conversion of bridges into char links and
enhance cross-linking/polymerization, leading to the greater char
yield [29]. Thus, based on ash content alone it might be expected
that oak char yield should be greater than char yield from spruce
pyrolysis. However, the yields of spruce and oak charcoal were
similar. In addition, the yield of spruce char organic fractionwas 2%
point greater than that of oak char, whereas original oak contained
less lignin and hemicellulose than spruce, indicating that ligno-
cellulosic biomass composition had a minor influence on the
biomass devolatilization. Spruce and oak char yields decreased by

7wt.% in primary pyrolysis with the further char yield decrease
during secondary heat treatment. The proximate analysis showed
that after removal of volatile matter a fixed carbon yield was in the
range from 20 to 23wt.% and from 18 to 21wt.% for spruce and oak
charcoal, indicating only a minor influence of secondary heat
treatment and feedstock origin on the char yield. In addition, the
fixed carbon content of charcoal obtained at different temperatures
in primary pyrolysis varied only slightly at 1600 �C of secondary
treatment. The increase in heat treatment temperature during
primary pyrolysis significantly decreased the char yield, empha-
sizing a key role of temperature on the biomass devolatilization.

3.4. Co-pyrolysis with liquid products

The char and volatile yields of co-pyrolysis of original feedstocks
with recirculated tar and post-distilled residues are shown in Fig. 6.
Co-pyrolysis of both original spruce and oak samples with recir-
culated tar increased the char yield by approximately 4% points at
700, 900, and 1100 �C, indicating that the feedstock had no influ-
ence on the product yields. The addition of recirculated tar to
charcoal probably promoted secondary reactions which led to
greater char yields than in primary pyrolysis. Moreover, the yields
of remaining post-distilled solid product were similar to char yields
from co-pyrolysis of original biomass with recirculated tar. The
volatile matter content in the post-distilled product was 1e2%
points greater than the amount of volatiles remaining in charcoal
from co-pyrolysis. Temperatures greater than 700 �C in co-pyrolysis
of charcoal with tar products led to the predominance of secondary
reactions forming larger size tar products and more cross-linked
char fractions with less volatile compounds than in distillation of
tar and charcoal mixture at 450 �C. The fixed carbon yield obtained
in co-pyrolysis of both charcoals with tar varied only slightly
indicating that no tar decomposition occurs. In general, the differ-
ences in total char yields from both post-treatment processes were
small. The increase in total solid yield of spruce charcoal from co-
pyrolysis and distillation was nearly similar (z 4% points),
whereas the increase in total solid yield from co-pyrolysis of oak

Fig. 3. Van Krevelen plot of metallurgical coke, original spruce and oak samples and their charcoals from pyrolysis in the temperature range from 500 to 1300 �C.

Fig. 4. Product yields of tar and char (wt. % relative to the original biomass) of spruce
(left) and oak (right), reacted at 500e1300 �C in the slow pyrolysis reactor. The char
yield is separated in ash and organic matters. The tar yield was separated in organic
fraction and water content. The error bars characterize the standard deviations be-
tween the total yields of products.
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charcoal with tar was 1% less than the yield after distillation.
Both post-treatment processes led to the formation of an addi-

tional carbon layer on the charcoal particle surfaces that had only
small influence on the solid product yield, confirming the previous
results of Elkasabi et al. [30]. In addition, an increase in the solid
residue yield from both post-treatment processes varied only
slightly between feedstocks suggesting that the additional carbo-
naceous layer was formed from tar with similar aromatic/phenolic
composition [12]. The results showed that co-pyrolysis and distil-
lation of charcoal with tar significantly increase the solid char yield
in the entire process and thus, emphasize the potential use of
biocarbon-based reductants in ferroalloy industries.

3.5. Charcoal reactivity

Fig. 7 shows the differential weight loss curves (DTG) for the
100% volume fraction CO2 gasification of spruce and oak char

samples. The DTG curves show a double peak in CO2 gasification,
indicating a heterogeneous char mixture with respect to the
composition that leads to the differences in reactivity of two con-
stituents with less reactive carbon structure that approaches the
reactivity of metallurgical coke (maximal reaction rate is at
1220 �C) [31]. The maximal reaction rates of both woody chars
varied from 800 to 1030 �C. The CO2 gasification of spruce chars
from pyrolysis ranging from 700 to 900 �C and oak chars generated
from 700 to 1100 �C took place at nearly the same temperature of
960 �C, indicating a minor effect of feedstock origin on the char
reactivity. The maximum reaction rates of spruce and oak chars
reacted at 1300 �Cwere the highest and nearly identical. The results
show that differences in heat treatment temperature have more
influence on char reactivity than the residence time, feedstock
composition or additional heat treatments.

Fig. S-4 from the supplemental material showed that spruce
char samples exhibited a double peak, whereas oak char samples
exhibited a triple peak after co-pyrolysis with recirculated tar and

Fig. 5. Char yields (wt. % relative to the original biomass) from pyrolysis of spruce and
oak after secondary heat treatment at 700, 1000, 1300 and 1600 �C in the high tem-
perature furnace. The total char yield is separated in ash, fixed carbon and volatile
matter.

Fig. 6. Char yields (wt. % relative to the original biomass) of spruce and oak from co-
pyrolysis of charcoal with tar. The total char yield is separated in ash, fixed carbon and
volatile matter.
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distillation. It was observed that the maximal reaction rate of
spruce and oak charcoal after distillation shifted to the lower
temperatures, indicating the increase in CO2 gasification reactivity.
In comparison, the maximum reaction rate of both charcoal sam-
ples from co-pyrolysis with the recirculated tar shifted to higher
temperatures, indicating a decrease in CO2 gasification reactivity.
The reactivity of spruce and oak charcoal from co-pyrolysis at
1100 �C was similar to that of non-treated charcoal samples,
whereas the maximum reaction rate of spruce and oak charcoal
from co-pyrolysis with recirculated tar at 700 and 900 �Cwas about
50 and 20 �C lower than that of non-treated charcoal samples. This
emphasizes that heat treatment temperature is themore important
factor determining CO2 gasification reactivity in co-pyrolysis with
recirculated tar than the feedstock origin. The maximal reaction
rate of spruce and oak chars from pyrolysis at 500 �C after addi-
tional heat treatment at 1000, 1300, and 1600 �C in a high-
temperature furnace was about 60 �C greater than that of non-
treated char samples. This is probably due to the further pro-
ceeded pyrolysis and catalytic effect of remaining alkali metals in
the non-treated char structure. It was observed that the CO2 reac-
tivity of both charcoal samples remained unchanged at higher
temperatures of additional heat treatment.

Figs. S-4 and S-5 from the supplemental material show that the

additional heat treatment at temperatures > 1000 �C affected the
reactivity of charcoal samples significantly less than the post-
treatment using co-pyrolysis and distillation with tar, confirming
the previous results of Hussein et al. [32]. It was found that the
maximum reaction rate of charcoal from additional pyrolysis at
1300 and 1600 �C was shifted to temperatures about 40 �C lower
than for charcoals from primary pyrolysis at 1300 �C. The TEM
analysis showed that the mean separation distance of oak char
graphene layers was similar to graphite, whereas spruce char
contained different types of amorphous carbon structures [31].
However, in the present study the CO2 reactivity of spruce and oak
charcoal samples was similar after the additional heat treatment.
Co-pyrolysis with tar and distillation of charcoal with tar showed a
minimal influence on the CO2 reactivity, confirming the results of
Veksha et al. [33]. The post-treatment using distillation with tar
slightly increased the reactivity due to the cross-linking of hydroxyl
groups with carbonyls, increasing the molecular weight of solid
residues [34]. The reactivity of charcoal after co-pyrolysis with tar
remained similar to the non-treated charcoal due to the similar
porosity and composition [33]. In addition, the CO2 reactivity of
charcoal after all post-treatment processes was about 250 �C lower
than that of metallurgical coke.

Fig. 7. DTG curves of spruce and oak charcoals from pyrolysis (a,b) at 500, 700, 900, 1100, and 1300 �C and (c,d) samples from co-pyrolysis of charcoal with recirculated tar and post-
distillated solid fraction reacted in 100% volume fraction CO2.
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3.6. Charcoal-based pellets

Fig. 8 illustrates the structure of a char particle from pyrolysis at
900 �C using original spruce and wood with the addition of tars.
Both char particles preserved the structure of an original biomass
particle with the longitudinal tracheids and resin vessels. Fig. 9
shows that the heat treated spruce char pellet obtained a struc-
ture with the visible cracks on the outer surface, whereas the non-
treated spruce pellet exhibited a smooth external surface. The heat
treatment increased the hardness of a spruce char pellet from 455
to 490 N, whereas the durability of the spruce pellet decreased from
98.4 to 95.7%. The previous studies showed that the durability of
high quality pellets is required to be � 97.5% [35]. The secondary
heat treatment of charcoal pellets improved the hardness that was
similar to that of alfalfa straw pellets using hydrated lime as a
binding agent (z 471N) [36].

The increase in heat treatment temperature improved the
hardness of charcoal pellets during pyrolysis, confirming the pre-
vious results of Li et al. [37]. The electrical resistivity of the heat
treated charcoal pellets increased from 0.8 to 1.5U,m, whereas the
electrical resistivity of metallurgical coke and single spruce char
particle was about 0.01 and 0.03U,m, emphasizing the importance
of tar addition on the charcoal pellet electrical properties. In
addition, the electrical resistivity of metallurgical coke and single
charcoal particle in the present study was similar to that of coke (z
0.01U,m) measured by the four-point-probe setting, as reported
by Eidem et al. [38]. This indicates that the heat treatment improves
the mechanical strength and electrical resistivity of charcoal pellets

for the use in metallurgical processes. The improvement of charcoal
pellet durability using other types of binding agents and different
concentrations is a significant task that can be proposed for future
studies.

4. Conclusion

The novelty of this work relies on the fact that the reactivity,
char yield and electrical resistivity of charcoal can be improved by
the addition of recirculated tar. Softwood and hardwood were
converted into renewable carbonaceous reductants using pyrolysis
treatment. The experiments in the slow pyrolysis reactor showed
that the char yield depends mainly on heat treatment temperature
in primary pyrolysis and less on the feedstock origin and secondary
heat treatments. The co-pyrolysis of charcoal with recirculated tar
and distillation increased significantly the char yield. However,
both spruce and oak charcoal samples remainedmore reactive than
fossil-based coke after secondary heat treatment, co-pyrolysis with
tar and distillation. In addition, the tar organic fraction showed
properties of a binder that increase the electrical resistance and
hardness of charcoal pellets. The findings of this study emphasize
the potential use of biocarbon-based pellets in the ferroalloy in-
dustry with concomitant improvement in charcoal transportation
and storage.
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A B S T R A C T

This study presents the effect of wood origin and heat treatment temperature on the CO2 reactivity, nanos-
tructure and carbon chemistry of chars prepared at 800, 1200, and 1600 °C in slow pyrolysis reactors. The
structure of charcoal was characterized by transmission electron microscopy, Raman spectroscopy, mercury
intrusion porosimetry and N2 adsorption. The CO2 reactivity of char was investigated by thermogravimetric
analysis. Results showed that spruce and oak chars have similar reactivity at all heat treatment temperatures.
The oak char prepared at 1600 °C contained long and flat graphene layers and interplanar distance that is similar
to graphite and thus, was more ordered than the spruce char. The TEM analysis showed that charcoal had
structural characteristics of non-graphitizing carbon. Thus, increasing heat treatment temperature increases the
graphitization of char structure, leading to the reactivity that is nearly similar to that of low reactive me-
tallurgical coke. The wood origin, heat treatment temperature, nanostructure, differences in porosity and pore
size of char influenced the CO2 reactivity less than the differences in CO2 concentrations.

1. Introduction

Ferroalloy production is energy-intensive, consuming large amounts
of both electricity and coke. Coke is used in ferroalloy production to
reduce metal oxides to the base metal. Development of cost-effective,
renewable reductants is environmentally desirable because global fer-
roalloy production releases about 55Mt of CO2 emissions annually [1].
Using carbon sources from renewable, plant-based materials has po-
tential to replace fossil-based reducing agents and effectively reduce
CO2 emissions. In recent years, much progress has been made on con-
version of plant-based materials to carbonaceous char materials; some
of these materials may have potential as reductants. However, me-
tallurgical production continues to rely on fossil-based reductants due
to limited knowledge of char properties and conditions required to
produce chars with acceptable reactivity, and high costs.

Transportation of carbon reductants from Asia and South America
creates additional economic and environmental challenges and thus,
alternative options in Norway can be resorted [2]. In Norway, vast
forest resources covering 12.8 million hectares with significant volumes
of wood in the order of 6–8 million m3 is harvested annually while
wood growth increase by 25 million m3 annually. This suggests that
biomass can be an abundant source of carbon reductants in ferroalloy

production [3,4]. Norway spruce, Scots pine and birch form 45%, 30%
and 16% of forestry in Norway respectively [5]. There are different
types of wood that can be converted into charcoal, of which wood re-
siduals, consisting of limbs, tops, and stems are especially promising
candidates for the use as carbonaceous reductants in ferroalloy in-
dustries because of low cost and high abundance [6]. The most im-
portant properties of the carbonaceous reductant are high reactivity,
high conversion and low levels of impurities (such as sulphur and
phosphorus) [7]. Low ash content is important, as each additional
percent of ash in carbonaceous reductant increases slag volume by
about 10–15 kg t−1 of ferroalloy, thereby increasing the electric power
required for smelting [8]. Different types of wood contain various
amounts of mineral compounds depending on the growth conditions. In
general, hardwood ash contains a greater amount of K and P and less Ca
and Si than softwood ash [9]. There are notable differences in the same
genus of softwood, but less variation among hardwood species [10,11].
The distribution of lignocellulosic compounds shows significant varia-
tions between wood fractions (e.g. root, stem, and branch) [12]. The
amount of extractives is greater in bark than in stemwood, whereas
needles are rich in lipophilic extractives, especially in waxes [13–15].
Wood branches and roots contain a greater amount of galactan, xylan
and lignin compared to glucomannan rich stemwood [16]. The high
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reactivity of biocarbon-based reductant may be advantageous in some
cases within the ferroalloy industries, however, the use of a reductant
more reactive than metallurgical coke may increase maintenance costs
due to the decreased electrical conductivity [17,18]. Therefore, re-
ductant reactivity becomes a key variable that must be understood in
potential replacements for metallurgical coke. Likewise, the effect of
porosity and nanostructure in biocarbon-based reductants must also be
considered. The increase in porosity of carbonaceous reductants in-
creases the reactivity and thus the porous plant-based materials are
advantageous in ferroalloy industries [19,20]. Charcoal porosity and
pore size vary from 40 to 50% and from 20 to 30 μm [21]. In particular,
charcoal from hardwood species is less porous than charcoal from
softwood leading to the lower reactivity at high temperature pyrolysis
[22]. Low interplanar distances (close to that of graphite) and high
periodicity lead to lower oxidation of carbon materials, while the more
bent graphene layers might enhance the reactivity [23,24]. The

graphitizing carbons are non-porous with relatively high densities,
whereas non-graphitizing carbonaceous materials have low density due
to the high microporosity [25]. The non-graphitizability of charcoal is
related to its porous structure [26,27]. The nanostructure of charcoal
from pyrolysis at temperatures >2500 °C is observed to be similar to
natural graphite, whereas charcoal prepared at lower temperatures
exhibits a structure resembling glassy carbon [28,29]. Treatment at
temperatures greater than 1250 °C will be required to produce non-
graphitizing carbons suitable as metallurgical coke. Despite the argu-
ments in favor of high temperature charcoal, the majority of previous
investigations have studied charcoals produced at temperatures
<1000 °C [30–33].

In summary, biocarbon-based materials have potential as en-
vironmentally benign replacements to fossil-based reductants, but
knowledge of relationship between wood type, temperature and char-
coal properties is limited. Therefore, in this study, the impacts of heat

Nomenclature

A Relative area
Ai Pre-exponential factor (s−1)
C Constant
Cfix Fixed carbon yield (wt% on dry basis)
D Diameter (m)
Ea Activation energy (kJ mol−1)
La Mean cristal size in a-direction (Å)
R Gas constant (J mol−1 K−1)
T Temperature (K)
V Pore volume (mm3)
V Volume (m3)
X Conversion
m Mass (kg)
p Pressure (Pa)
SSA Specific surface area (m2 g−1)

Greek symbols

γ Surface tension (N m−1)
κ Heating rate (K s−1)
λ Wavenumber (cm−1)
ρ Density (kg m−3)
Θ Angle of contact (∘)

Subscripts

a average
cum cumulative
md median
p pore
s solid phase

Fig. 1. Slow pyrolysis reactor at University of Agder.
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treatment temperature (800–1600 °C), wood origin, porosity and na-
nostructure on the CO2 reactivity were investigated in the slow pyr-
olysis reactor to simulate the conditions in industrial-scale coke pro-
duction. The specific objectives of this study were to: (1) develop
structure-property relationships governing the CO2 reactivity of char-
coal, and (2) determine the treatment conditions and wood composition
which decrease char reactivity to levels that are suitable for application
in ferroalloy industries.

2. Materials and methods

Norway spruce and oak were chosen for the charcoal study. Fuel
selection was based on the differences in ash composition and plant cell
compounds (cellulose, hemicellulose, lignin, extractives). Norway
spruce is low in ash and with lower potassium and calcium contents
than oak, whereas oak is low in lignin content. Char samples were
generated in the slow pyrolysis reactor at 800 and 1200 °C. The char
sample generated at 1200 °C was further heated to 1600 °C in the high-
temperature furnace. The charcoal samples were crushed to a fine
powder in a mortar with a ceramic pestle. The char samples were in-
vestigated under CO2 gasification condition in a thermogravimetric
analyzer. Reactivities of activated charcoal, metallurgical coke, and
spruce and oak char samples were compared using reaction rates cal-
culated from the derived kinetic parameters. Mercury intrusion por-
osimetry, N2 adsorption, transmission electron microscopy (TEM)
analysis and Raman spectroscopy were performed to characterize the
effect of temperature and feedstock on the char carbon structure, sur-
face properties and nanostructure.

2.1. Carbon material characterization

Norway spruce (Picea abies) and oak (Quercus petraea) from
Dømmesmoen (Grimstad, Norway) were harvested in 2012 and 2016
respectively. The age of the Norway spruce was ≈39 years, whereas the
oak was ≈46 years. Both the Norway spruce and oak trees were chipped
by a disc chipper to 5–20mm and dried at 60 °C. Metallurgical coke and
activated charcoal were provided by Norsk Koksverk A/S (Mo i Rana,
Norway). Prior to characterization, biomass samples were divided into
six equal fractions using a riffler. The biomass samples were commin-
uted to <0.8 mm in a laboratory-scale mill POLYMIX PX-MFC 90 D
(KINEMATICA, Switzerland).

2.2. Slow pyrolysis reactor

The charcoal samples were generated in the slow pyrolysis reactor,
as shown in Fig. 1. The reactor can be operated at temperatures up to
1350 °C and heating rates up to 20 °C min−1. The pyrolysis setup en-
closes a two-stage cooling system with a condensation collector and a
pyrolysis gas sampling unit. The pyrolysis retort (inner diameter:
75 mm, height: 150mm, wall thickness: 2 mm) is made of SiC material.
The sample temperature was monitored by a thermocouple type S
(max. 1600 °C). The connection pipes (inner diameter: 10mm) between
the retort and the condensation unit were made of quartz glass. The
connection pipes were heated up to 350 °C by a heating tape HBQ
(Hillesheim, Germany) and a temperature regulator MC1 (HORST
GmbH, Germany) to minimize the condensation and thermal decom-
position of tars. The volume flow of the N2 gas was measured by the
flowmeter HFC-202 (Teledyne, USA). The reactor was continuously
purged by nitrogen at a constant flow rate of 100ml min−1. The tem-
perature control system was based on the LabView software (Version
8.6). The sample mass of 60 g for each experiment was selected. The
wood sample was distributed homogeneously in the reactor’s retort,
pre-heated in nitrogen at 10 °C min−1 up to 160 °C and kept at that
temperature for 30min. The dried wood was further heated at 10 °C
min−1 up to 800 or 1200 °C and kept at the final temperature for about
1 h to ensure the complete conversion. After the heating program was

finished, the furnace was turned off and the charcoal sample was cooled
overnight in N2 (0.3 l min−1). Samples were stored in sealed plastic
containers.

2.3. High-temperature furnace

The charcoal samples were further treated in the high-temperature
furnace LHTG 200–300/20-1G (Carbolite Gero, Germany). The furnace
can be operated at temperatures up to 1800 °C and at heating rates up
to 20 °C min−1. Prior to each experiment, 5 g of the char sample was
loaded into the A2O3 crucible (Almath Crucibles Ltd, UK) placed in the
graphite retort middle. Prior to pyrolysis, the furnace was repeatedly
evacuated and purged by argon. The char sample was heated at 10 °C
min−1 up to 1600 °C and kept at that temperature for 2 h. The sample
was cooled to room temperature at a heating rate of 20 °C min−1 and
stored in sealed plastic containers.

2.4. Char analysis

2.4.1. Elemental analysis
The elemental analysis was performed on Analyser Series II (Perkin

Elmer, USA). Acetanilide was used as a reference standard. The ash
content was determined using a standard ash test at 550 °C, according
to the procedure described in DIN EN 14775.

2.4.2. Thermogravimetric analysis
The thermal decomposition of char samples was determined using

an atmospheric thermogravimetric instrument STARe System (Mettler
Toledo, USA). The reactivity of char in 20% or 100% volume fraction
CO2 (20 cm3 min−1 of CO2 and 80 cm3 min−1 of N2 or 100 cm3 min−1

of CO2 measured at 20 °C and 101.3 kPa) was determined by loading
5mg of sample in Al2O3 crucible. The char samples were firstly heated
up to 110 °C and kept for 30min isothermally for drying. The dried
samples were subsequently heated to 1100 °C at a constant heating rate
of 10 °C min−1. The kinetic parameters of char samples were derived by
the integral method presented by Coats and Redfern [34]. Through
integral transformation and mathematical approximation, the linear
equation was expressed in the form:

ln ln X
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· ·
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−
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In Eq. (1), κ is the heating rate and R is the gas constant. A plot of ln
(-ln(1-X) T−2) versus T−1 gives a straight line whose slope and inter-
cept determine the values of the activation energy (Ea) and pre-ex-
ponential factor (Ai). The reactivities of char samples were compared
using reaction rates calculated from the derived kinetic parameters (Ai

and Ea) at a fixed gasification temperature of 1000 °C.

2.4.3. Raman spectroscopy
Raman spectroscopy was performed using an inVia Raman micro-

scope (Renishaw, UK) operating with a 514 nm laser line at a power of
30mW. The measurements were performed in static mode with a center
at 1600 cm−1, resulting in a 960–2200 cm−1 spectral region. The laser
power was set to 100% in the software and roughly 30 % in the
hardware by using a filter. 1 s exposure time was used in normal con-
focality mode. A 20x lens and 8–15 μm step size (X and Y directions)
was used for mapping, to generate 100–200 spectra/image for each
char sample. Cosmic rays were removed and the data was subjected to
multivariate noise filtering using the WiRE chemometrics package
version 3.0 (Renishaw, UK). Spectra were saved as text files and pro-
cessed via the free, open-source MatLab script provided by the
Vibrational Spectroscopy Core Facility at Umeå University (www.kbc.
umu.se/english/visp/download-visp/). The following parameters were
used for spectra pre-processing: asymmetrical least squares baseline
correction with lambda = 20000000 and p =0.001 [35]; Savitzky-
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Golay smoothing with the first polynomial order and frame rate of 3
[36]. Spectra were total area normalized in the entire spectral range.
The corrected spectra from each mapping were then averaged to create
a final composite curve for the peak deconvolution. No spectral scaling
was performed. Deconvolution of the Raman spectra was conducted
using the peak fit pro tool in the OriginPro software (OriginLab, USA)
by combination of nine Gaussian-shaped bands (SL, S, DS, D, A1, A2, GG,
GL, and D′) following Smith et al. [37]. The mean crystal size in the a-
direction (La) with the fitting constants C0 = −12.6 nm and C1 =
0.033, which are valid for the laser wavelength from 400 to 700 nm, is
given by [38]:

L C C λ
A A/a

L

D G

0 1

L

= +
(2)

2.4.4. N2 adsorption analysis
The specific surface area (SSA) of biomass chars was determined

based on N2 adsorption at the boiling point (77 K). To prevent gas ad-
sorption, the char samples were degassed under vacuum at 350 °C. The
multipoint Brunauer-Emmett-Teller (BET) theory with seven points in
the range of p/p0 from 0.06 to 0.3 was applied on the NOVA 2000e
instrument (Quantachrome, Germany). BET equation was used to de-
termine the specific surface area [39].

2.4.5. Transmission electron microscopy
Prior to microscopy, char samples were kept at 350 °C for 6 h in a

thermogravimetric instrument to reduce the amount of volatiles.
Samples were ground in a mortar to ensure a homogeneous particle
distribution, sonified in deionized water for 30min, wet dispersed on a
lacey carbon copper grid and dried at room temperature for 20min.
Char nanostructure was studied using a Jeol 2200 fs operated at
200 keV, equipped with an Oxford Instruments X-Max SDD EDS de-
tector. The curvature of a single graphene sheet is defined in Eq. (3):

Curvature
Length

Fiber length
=

(3)

The length is a straight line that connects both ends of a graphene
sheet. The fiber length is the contour or arc length, as shown in the
supplemental material (Fig. S-1). Both length and fiber length were
estimated by Gatan Digital Micrograph software according to the
method of Müller et al. [40]. Portions of the image with visible gra-
phene layers were magnified to a size of 10 nm x 10 nm, and both
length and fiber length were manually determined by the software ruler
which draws a straight or contour line to connect both ends of a gra-
phene sheet.

2.4.6. Mercury intrusion porosimetry
The pore size distribution and porosity of char samples were de-

termined by a Pascal mercury intrusion porosimeter system equipped
with two instruments. Porosity in the ultramacro- and macropore re-
gions was measured by Pascal 140 porosimeter (Micromeritics,
Germany) at the low pressures (up to 400 kPa). The Pascal 440 por-
osimeter equipped with a dilatometer (Micromeritics, Germany) was
used to determine the pore size from 1.8 to 7500 nm at high pressures
up to 400MPa. To access the pores and voids within biomass particles,
samples were degassed at room temperature prior to the measurement.
Prior to the porosity analysis, wood fractions were dried at 50 °C in an
oven desiccator for 48 h.

2.4.7. Pore volume and size
The pore sizes in the char were distinguished into three categories:

micropores (1.8–80 nm), mesopores (80–500 nm) and macropores
(0.5–58 μm) [41,42]. The pore volume can be derived from the quantity
of intruded mercury. The pore size distribution is determined according
to the Washburn equation [43]:

D
γcos
p

4 Θ
p = −

(4)

In Eq. (4), Θ is assumed to be equal to 141 ° [44] and γ is equal to
0.48 N m−1 [41]. The median pore diameter (Dmd) is defined as the
pore diameter at which 50% of total intrusion was reached. The average
pore diameter (Dpa) is calculated, assuming that all pores are cylind-
rical, in Eq. (5):
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The cumulative pore volume distribution is calculated in Eq. (6):
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2.4.8. Helium pycnometry
Skeletal density is defined in accordance with DIN 66137 (Part 2)

standard by Eq. (7):

ρ m
Vs
s

s
=

(7)

The calculation of skeletal density excludes the porosity within the
particles and the interparticle voids. Skeletal density was determined
using a helium pycnometer (POTOTEC GmbH, Germany) at room
temperature.

3. Results

3.1. Biomass characterization

The ultimate and proximate analysis of metallurgical coke, acti-
vated charcoal, and wood was carried out at Eurofins Lidköping and
shown in Table 1.

The compositional analysis of biomass (cellulose, hemicellulose,
acid-soluble lignin, acid-insoluble lignin, and extractives) was con-
ducted according to NREL technical reports [45–47] and Thammasouk
et al. [48], and shown in Table 2.

Table 1
Proximate, ultimate and ash analyses of feedstocks.

Fuel Norway spruce Oak Activated charcoal Metallurgical coke

Proximate and ultimate analysis, (wt% on dry basis)
Moisturea 8.6 7.6 3.8 0.6
Ash (550 °C) 0.8 1.6 8.6 11.8
Volatiles 80.6 82.6 10.3 3
Cfix 18.6 15.8 81.1 85.2
HHVb 20.3 19.3 30.5 27.9
LHVb 18.5 17.5 30.2 27.8
C 53.2 50.6 82.6 85.6
H 6.1 6.1 1.5 0.3
N 0.1 0.2 0.8 1.8
S 0.06 0.02 0.9 0.6
Cl 0.04 0.02 0.02 0.03

Ash compositional analysis, (mg kg−1 on dry basis)
Al 40 20 4500 12000
Ca 2300 3600 4900 6400
Fe 200 50 3700 6300
K 800 1500 1900 1700
Mg 250 300 850 1300
Na <50 <50 1100 1100
P 200 250 400 400
Si 550 550 31000 27000
Ti 50 50 200 550

a wt% (as received)
b in MJ kg−1
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3.2. Char reactivity

Fig. 2 shows differential weight loss curves (DTG) for the 20% and
100% volume fraction CO2 gasification of char samples, metallurgical
coke and activated charcoal. The relative importance of external dif-
fusion on the overall char gasification in the TG experiments was
evaluated by comparison of the observed maximal reaction rate (rmax,
% min−1) with the calculated diffusion rate (rdiff, % min−1) of CO2 in
the supplemental material (Eq. (1)). The calculated rmax/rdiff ratio
showed that the gasification reaction in the TG analysis was influenced
only by chemical kinetic limitations, as shown in the supplemental
material (Table S-3). The DTG curves show both a single broad peak
and a double peak in CO2 gasification, indicating a heterogeneous char
mixture with respect to the composition. A double DTG peak indicates a
combination of two constituents with different reactivity [49,50]. The
minor shoulder DTG peak at nearly the same temperature range from
810 to 825 °C was related to the reactivity of heavy hydrocarbon
compounds [51]. The CO2 gasification of most char samples and acti-
vated charcoal took place at nearly the same temperature range from

700 to 1200 °C, whereas metallurgical coke reacted at higher tem-
peratures. The reactivities of char from spruce and oak were nearly
identical, confirming previous results of Trubetskaya et al. [29].

The maximum reaction rate of oak char from pyrolysis at 1600 °C in
20% CO2 gasification was about 100 °C greater than that of char pro-
duced at 800 °C. The maximum reaction rate of oak char at 1600 °C in
100% CO2 gasification was about 20 °C lower than that of oak char
produced at 800 °C. The maximal reaction rate of char samples reacted
in 20% or 100% CO2 changed significantly, based on the kinetic
parameters in the supplemental material (Tables S-1 and S-2). The in-
creasing CO2 concentration led to the greater reactivity of both spruce
and oak chars, confirming previous results of Cetin et al. [52]. In-
creasing heat treatment temperature resulted in a greater shift of
maximum reaction rate from 50 °C at 800 °C to 70 °C at 1200 and
1600 °C. Interestingly, the reactivity of metallurgical coke in 20% and
100% CO2 remained only slightly changed. The results show that dif-
ferences in heat treatment temperature and feedstock origin have less
influence on char reactivity than the CO2 concentration, and will be
discussed below.

3.3. Elemental analysis

Fig. 3 shows a Van Krevelen plot of original Norway spruce and oak
and their chars, activated charcoal, and metallurgical coke. The results
in Fig. 3 indicate that spruce char obtained from pyrolysis at 800 and
1200 °C contained more oxygen than oak char. The increased heat
treatment temperature from 1200 to 1600 °C led to an increase in
carbon content of both chars and thus the elemental composition of
char samples was comparable to the composition of metallurgical coke.
The activated charcoal contained more oxygen and hydrogen than
chars obtained from pyrolysis at 1200 °C.

Table 2
Composition of Norway spruce and oak, calculated in percentage based on dry
basis (wt%).

Biomass Cellulose Hemicellulose Lignin Extractives

Acid
insoluble

Acid
soluble

Norway spruce 37.8 25 27.9 0.7 7.8
Oak 36.7 18.7 19.4 2.5 11

Fig. 2. (a)-(d) DTG curves of metallurgical coke, activated charcoal, spruce and oak chars prepared at 800, 1200, and 1600 °C and reacted in 20% volume fraction
CO2 + 80% volume fraction N2 and 100% CO2.
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3.4. Nanostructure

The nanostructure of the spruce and oak chars generated at 800,
1200, and 1600 °C was studied by TEM, as shown in Fig. 4. Both
charcoal samples exhibited a common structure of amorphous carbon at
800 and 1200 °C, whereas a mixture of amorphous carbon and nano-
crystalline graphite was observed at 1600 °C. In addition, spruce char
showed two types of amorphous carbon structure at 1600 °C. The short
graphene sheets of the spruce char merged, forming a continuous sur-
face with a large number of crystallites, similar to the pyrolytic glassy
carbon and lignin char, as shown in Fig. 4e [53,54].

Another type of amorphous carbon structure with more curved
graphene layers was indicated on the spruce char surface and mixed
with the nano-crystalline graphite. Fig. 4f shows the nanostructure of
oak char generated at 1600 °C that mainly consists of nano-crystalline
graphite with 22–26 layers of straight graphene layers arranged in an
interconnected ribbon-like geometry [55]. The oak char nanostructure
was similar to that of the crystalline carbon membrane [56]. The bent
graphene layers of graphitized char contain carbon with hexagonal
graphene layers [57] and a mean interplanar distance of 0.33 nm that
indicates the highest degree of graphitization (graphite ≈0.335 nm)
[58]. The spruce char generated at 1600 °C had a less ordered structure
with the mean interplanar distance of 0.35 nm, as shown in Fig. 4. The
differences in the nanostructure of spruce and oak chars generated at
1600 °C suggest that the feedstock composition has an influence on the
char properties in high-temperature pyrolysis. The additional struc-
tures, detected by the TEM analysis of spruce and oak chars, were re-
lated to the presence of inorganic matter such as Al2O3 and Si [59,60].
In addition, TEM analysis showed that all char samples contained a
small amount of SiC particles from the reactor’s retort which could form
the sp3 diamond-like carbon in high-temperature pyrolysis [61,62].

3.5. Porosity and pore size

Table 3 summarizes the characteristics of spruce and oak chars
generated at 800, 1200, and 1600 °C with regards to porosity, pore size
and specific surface area. The porosity by skeleton density of spruce and
oak chars measured by the mercury intrusion system was in the range
from 70 to 78.8% and from 61.5 to 47.2%. Previous studies showed that
the compositional differences led to lower porosity and greater ap-
parent density of Eucalyptus charcoal compared to Acacia charcoal
[63]. In the present study, the increase in porosity of spruce char is
caused by the progressive removal of volatiles from pores, and the
physical and chemical condensation of the remaining skeletal char

structure with increasing heat treatment temperature, confirming pre-
vious results of Brewer et al. [32]. In contrast, the porosity of oak char
samples decreased, probably due to the high alkali metal content in oak
chars. The residual alkali metals (K+ and Ca2+) in oak char samples
decreased the porosity to such extent that the active surface area was
also decreased with increasing heat treatment temperature [64]. The
greater alkali metal content in oak chars could also lead to the forma-
tion of charcoal with the different pore size and shape than during
pyrolysis of low ash-containing spruce.

Table 3 shows that both spruce and oak chars possessed a high ratio
of macropores. The macroporosity of the oak char (93–95%) was sig-
nificantly greater than that of spruce char (57–60.3%). The micro- and
mesoporosity of the spruce char ranged from 4 to 6%, whereas the oak
char possessed greater proportion of micro- (23%) and mesopores
(16.7–20%). The results also correspond to the greater total pore area of
oak char samples (57.3–69.8m2 g−1) than that of the spruce char
(10.7–11.8 m2 g−1). In the present study, the formation of all pores in
charcoal was a function of feedstock origin and less dependent on the
heat treatment temperature respectively. The total pore area de-
termined by mercury intrusion porosimetry was lower than that de-
termined by N2 adsorption because mercury porosimetry primarily
determined macropores, whereas N2 adsorption measured micro- and
mesopores [65,66]. The results showed that the SSA of spruce and oak
char samples determined by N2 adsorption decreased significantly from
196 and 495m2 g−1 to 3 and 11m2 g−1 with the increased heat
treatment temperature, as reported by Hussein et al. [67]. The reduc-
tion in the surface area was probably caused by the continuous growth
of graphene sheets with the increasing heat treatment temperature,
leading to the micropore coalescence [68]. The average pore size of the
spruce and oak char samples varied from 0.7 to 2.3 nm using mercury
intrusion porosimeter, whereas the average pore size of both spruce and
oak chars varied only slightly from 0.6 to 1.3 nm when N2 adsorption
was used. This indicated no significant changes in all pore sizes. In
addition, the pore size and specific surface area of oak char prepared at
1600 °C were similar to the values reported for metallurgical coke (0.9;
2.8 m2 g−1).

3.6. Raman spectroscopy

Raman spectroscopy was carried out to examine primary differences
in the carbon structure of char samples. The calculated integrated peak
area ratio (ASL/AGL) in Fig. 5 and supplementary Table S-4 showed that
spruce char samples obtained a greater amount of carboxylates than
oak chars, whereas the A /AS GL L ratio of oak char generated at 1600 °C
was the lowest (0.04) due to the low content of acetyl groups [69]. All
char samples based on the A /AD GL ratios exhibited a common structure
of amorphous carbon and nano-crystalline graphite, as discussed by
Ferrari and Robertson [70]. The pyrolysis at 800 and 1200 °C formed a
less graphitic charcoal structure (A /AD GL: 2.3–2.5) than the pyrolysis at
1600 °C (A /AD GL: 1.7–1.9), corresponding to previous results of Tru-
betskaya et al. [22]. The average extensions of graphene stacks (La)
from the Raman bands in spruce and oak chars generated at 800 and
1200 °C (1.7–1.9 nm) were less than those in the charcoal from pyr-
olysis at 1600 °C (2.3–2.6 nm). The size of one aromatic ring is 0.25 nm
[71], and therefore, the size of PAHs in the char (800–1600 °C) is
equivalent to approximately 7–10 aromatic rings. Moreover, the
average extension of graphene stacks (La) in all char samples was
quantitatively similar to that of commercial carbon black (Printex XE2:
2.5 nm) and biomass soot (2.1–2.6 nm) and different from the graphite
structure (5.6 nm) [72,73].

4. Discussion

The thermogravimetric experiments demonstrated larger influence
of CO2 concentration on the intrinsic reactivity of char samples than the
heat treatment temperature and feedstock origin. The reactivity of char

Fig. 3. Van Krevelen plot of metallurgical coke, activated charcoal, Norway
spruce and oak chars prepared at 800, 1200, and 1600 °C.
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can be affected by differences in carbon chemistry, ash composition,
nanostructure, heat treatment temperature and surface area char-
acteristics of char samples. Raman spectroscopy results showed that
char samples from pyrolysis at 800, 1200, and 1600 °C exhibited a
structure resembling carbon black based on the AD/AGL ratios
(1.7–2.6). The ash content of original spruce (0.8 wt%) was twice lower
than in the original oak. Thus, based on ash content alone it might be

expected that spruce char should be less reactive than the oak char.
However, the inorganic matter of both spruce and oak chars remained
small, as shown in the supplemental material (Fig. S-23). Knudsen et al.
[74] experimentally showed that at high temperatures, KCl sublimation
and potassium silicates reactions are dominant during devolatilization,
depending on the availability of Si, Cl, Ca and Mg in the original fuel.
The lower Cl content in the wood might indicate that potassium was

Fig. 4. TEM images of char generated from spruce and oak. In (a)-(c), (e) and (f) the distance between graphene layers, Al2O3, SiC and Si was measured in the
enlarged image (purple rectangle). In (e) the areas of different carbon types are marked with blue and yellow lines. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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released in the form of KOH or to a minor extent in the form of KCl
[75]. The reactivities of spruce and oak chars remained similar at 800
and 1200 °C. This indicates that neither carbon structure nor ash
composition had a strong influence on the observed differences in char
reactivity.

Previous studies on charcoal from pyrolysis at temperatures<1000 °C
showed that nanostructure and CO2 reactivity are interrelated con-
siderations. In the present study, all charcoal samples exhibited shorter
and less curved graphene layers and less recognizable crystalline struc-
ture, indicating either greater porosity or larger fraction of amorphous
carbon than in coal chars [76]. This indicates that biomass chars consist
of non-graphitizing carbons [77–79]. The results showed that the dif-
ferences in nanostructure of spruce and oak char samples from pyrolysis
at 1600 °C were large. The oak char nanostructure was similar to that of
glassy carbon, as reported by Jenkins et al. [80]. The TEM analysis of oak
char graphitic ribbons from pyrolysis at 1600 °C showed that the mean
interplanar distance of graphene layers (0.33 nm) was similar to graphite
(0.335 nm). The spruce char samples exhibited heterogeneous structure
of amorphous carbon and nano-crystalline graphite corresponding to the
double DTG peak in Fig. 2. A double DTG peak in spruce char samples
indicated the presence of a carbon constituent with similar reactivity to
graphite and a more reactive carbon structure with similar reactivity to
biomass soot samples [73]. The lower oxygen content in wood than that
in herbaceous biomass inhibited the cross-linking and repolymerization
reactions and therefore enhanced the coalescence of crystallites, leading
to the charcoal graphitization [81]. The oxygen-containing functional
groups remaining in charcoal are located at the edges of aromatic layers
which hinder the alignment of graphene layers during pyrolysis [79].
Thus, based on oxygen content alone it might be expected that charcoal
from softwood pyrolysis is more graphitic than hardwood charcoal.
However, the nanostructure of oak char from pyrolysis at 1600 °C was
more graphitic than that of spruce char. This is due to the catalytic effect
of alkali on the oak charcoal graphitization that is especially pronounced
at high temperatures (1000–1600 °C) [82,83]. Interestingly, the short
graphene layers of spruce char could enhance the reactivity, whereas the
straight and long graphene layers of oak char are expected to decrease
the char reactivity. However, the reactivity of spruce and oak chars was
similar.

The increased heat treatment temperatures led to greater char
porosity in pyrolysis at temperatures 300–700 °C [32]. In the present
study, the char porosity measured by mercury intrusion porosimetry
varied among spruce and oak chars, but changed only slightly with the
increased heat treatment temperature. Moreover, the spruce chars ob-
tained less micro- and mesopores than the oak chars, indicating a strong

influence of the feedstock origin on the char porosity. The specific
surface area of spruce char prepared at 1600 °C was 9 times smaller
than that of char from pyrolysis at 800 °C, whereas the spruce char
prepared at 800 °C was 4 times more reactive than char from pyrolysis
at 1600 °C in 20% CO2 gasification. The oak char generated at 800 °C
was twice more reactive than char from pyrolysis at 1600 °C, whereas
the specific surface area of char from 800 °C pyrolysis was 8 times
greater than the SSA of char prepared at 1600 °C. This indicates that the
heat treatment temperature has a small influence on the CO2 reactivity
of charcoal samples determined by N2 adsorption.

The oak and spruce chars prepared at 800 °C were 106 and 3 times
more reactive respectively in 100% CO2 atmosphere than the chars in
20% CO2 gasification, indicating a major influence of CO2 concentra-
tion on the char reactivity. The decrease in CO2 concentration leads to
the decrease in maximum reaction rate [84,85]. In the present work,
the linear correlation between reaction rate and partial pressure could
not be established based on the experimental results (Table S-4) and
calculations in the supplemental material (Eq. 3). Moreover, as it was
mentioned above, the gasification reaction in the TG analysis was in-
fluenced only by chemical kinetic limitations. Thus, the CO2 con-
centration becomes the dominating factor governing gasification re-
activity. The metallurgical coke in 20% CO2 gasification was 5 times
less reactive than spruce and oak char samples from pyrolysis at
1600 °C. The reactivity of metallurgical coke remained unchanged with
increasing CO2 concentration, whereas the reactivity of activated
charcoal changed in a similar manner as the reactivity of spruce and
oak chars from pyrolysis at 800 °C. This shows that the further increase
in heat treatment temperature could increase the char graphitization,
leading to the development of a structure that is more similar to low
reactive metallurgical coke.

5. Conclusion

The novelty of this work relies on the fact that char from wood
consists mainly of non-graphitizing carbon. The results indicated that
both char samples from spruce and oak contained mostly nano-crys-
talline graphite at 1600 °C. However, the oak char was significantly
more graphitic than the spruce char at 1600 °C. At lower temperatures,
both chars formed less ordered structure that is similar to amorphous
carbon. The major difference in the char morphology was related to the
formation of a high ratio of micro- and mesopores in oak pyrolysis,
whereas the spruce chars contained mainly macropores. The differences
in micropore size of spruce and oak chars determined by N2 adsorption
were small. In contrast, the average pore size of oak char was 10 times

Table 3
Porosity and pore size of spruce and oak char, characterized by mercury intrusion porosimeter and BET surface area (SSA) and pore size (DFT method) of chars,
determined by N2 adsorption m2 g−1.

Parameter Spruce Oak Metallurgical
coke

Activated
charcoal

800 °C 1200 °C 1600 °C 800 °C 1200 °C 1600 °C

Mercury intrusion porosimetry
Porosity by Hg intrusion, % 70 74.5 78.8 61.5 58.2 47.2 39.7 14
Porosity by skeleton density, % 78.5 81.4 79.5 68.5 60.5 65.5 47.8 33
Inaccessible porosity, % 8.8 7 0.6 7.1 2.2 18.2 8.1 20
Macropores, % 93 95 93 60.3 57 57 87 97
Mesopores, % 6 4 6 16.7 20 20 10 3
Micropores, % 1 1 1 23 23 23 3
Vcum, mm3 g−1 1917 2636.8 2788.5 1163 1065 1232 403 146
Total pore surface area, m2 g−1 11.4 11.8 10.7 57.3 69.8 65.3 5.9 0.2
Average pore diameter, μm 0.7 0.9 1 0.1 0.1 0.1 0.3 2.3
Median pore diameter, μm 6.9 7.7 6.9 1.1 0.9 0.9 16.2 21.8

N2 adsorption
BET surface area (SSA), m2 g−1 196 97.2 3 495 80 11 2.8 0.3
Pore size, nm 0.6 0.7 1.3 0.6 0.7 0.9 0.9 0.9
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smaller than that of spruce char using mercury intrusion porosity. The
pore size analysis showed that the N2 adsorption and mercury intrusion
porosimetry methods are complementary for quantifying charcoal
porosity characteristics at micro- to macropore scales.

The thermogravimetric analysis results showed that the char re-
activity towards CO2 depends mainly on the CO2 concentration and less
on the heat treatment temperature, ash composition and carbon struc-
ture. The more graphitic structure of oak char from pyrolysis at 1600 °C
with a smaller interplanar distance, long and flat graphene layers
showed a similar reactivity to the less ordered oak char. Both char
samples were significantly more reactive in a 100% CO2 atmosphere
than in 20% CO2 gasification emphasizing the role of CO2 concentration
on the char reactivity. The charcoal from pyrolysis at 800 °C showed a
similar reactivity to the activated charcoal, whereas the charcoal pre-
pared at 1600 °C was more reactive than metallurgical coke. This work
indicated that the increase in a heat treatment temperature will lead to
the further deactivation of char with the structure that is similar to low
reactive metallurgical coke.
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4.3 Heat treatment temperatures above 1300 ◦C
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A B S T R A C T

This study reports the effect of feedstock origin, residence time, and heat treatment temperature on CO2 and O2

reactivities, nanostructure and carbon chemistry of chars prepared at 1300, 1600, 2400, and 2800 °C in a slow
pyrolysis reactor. The structure of char was characterized by transmission electron microscopy and Raman
spectroscopy. The CO2 and O2 reactivity of char was investigated by thermogravimetric analysis. Results showed
that the ash composition and residence time influence the char reactivity less than the heat treatment tem-
perature. The heat treatment temperature and co-pyrolysis of pinewood char with biooil decreased the CO2

reactivity, approaching that of metallurgical coke. Importantly from a technological standpoint, the reactivities
of char from high temperature pyrolysis (2400–2800 °C) were similar to those of metallurgical coke, empha-
sizing the importance of graphitizing temperatures on the char behavior. Moreover, graphitization of chars from
wood and herbaceous biomass increased with the increasing heat treatment temperature, leading to formation of
graphitizing carbon.

1. Introduction

Ferroalloy production is energy-intensive, consuming large amounts
of both electricity and coke. Coke is used in this process to reduce metal
oxides naturally present in ores to produce the base metal.
Development of cost-effective, renewable reductants is environmentally
desirable because global ferroalloy production releases about 55Mt of
CO2 emissions annually [1]. Using carbon sources from renewable,
plant-based feeds has potential to replace fossil-based reducing agents
and effectively reduce CO2 emissions. In recent years, much progress
has been made on conversion of plant-based materials to carbonaceous
char materials; some of these materials may have potential as re-
ductants. However, metallurgical production continues to rely on fossil-
based reductants due to limited knowledge of char properties, knowl-
edge gaps in the conditions required to produce chars with acceptable
reactivity, and high costs.

Ferroalloys are defined as iron-rich alloys which contain high pro-
portions of Si, Mn, C, Cr, etc. which improve tensile strength, wear,
corrosion resistance, and toughness [1]. Ferroalloys are produced in

submerged-arc furnaces at temperatures> 1500 °C. Within the furnace,
a three-phase electrode is inserted into a mixture consisting of metal
oxide and carbonaceous reductants, typically metallurgical coke and
coal [2]. The carbonaceous materials serve many roles, with the pri-
mary function being to reduce the metal oxide to form the base metal
[3]. Additionally, the carbonaceous materials improve gas distribution
during the reduction process, trap SiO gas, and enhance electrical re-
sistance of the reaction mixture [4,5]. The most important properties of
the carbonaceous reductant are high reactivity, high conversion, and
low levels of impurities (such as sulphur and phosphorus) [6]. Low ash
content is important, as each additional percent of ash in carbonaceous
reductant increases slag volume by about 10–15 kg t−1 of ferroalloy,
thereby increasing the electric power required for smelting [5].

In recent years, many studies investigated production and/or co-
production of carbonaceous solids by pyrolysis treatment of wide
variety of renewable feedstocks [3,5,7–11]. In comparison with the
metallurgical coke traditionally used in ferroalloy production, carbon
produced from renewable feedstocks contains less fixed carbon and a
greater percentage of volatile components and may need to be
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graphitized prior to use as a reductant [11]. Although different types of
biomass can be converted into biochar, herbaceous biomass species are
especially promising candidates for the use as carbonaceous reductants
in ferroalloy industries because of their high growth rate and relative
ease of harvest [7]. Despite these arguments in favor of herbaceous
biochars, the majority of previous investigations have studied charcoals
produced at temperatures< 1000 °C [12–18]. Thus, the effects of
feedstock composition, treatment at temperatures greater than>
1250 °C, and residence time on the char reactivity and structure have
not been studied in depth. In particular, herbaceous feedstocks contain
high amounts of alkali metals which promote faster devolatilization
rates and suppress tar formation, leading to higher char yields and
higher CO2/O2 reactivity than charcoals produced from wood [19]. The
high reactivity of biochar reductant may be advantageous in some cases
within the ferroalloy industries. However, the use of a reductant more
reactive than metallurgical coke may increase maintenance costs due to
the decreased electrical conductivity [20,21]. Therefore, reductant re-
activity becomes a key variable that must be understood in potential
replacements for metallurgical coke. Likewise, the effect of residual
alkali metal content in biochar produced from pyrolysis of herbaceous
biomass must be considered. Previous studies report that nearly 50% of
the potassium in the herbaceous biomass is released in the temperature
range from 900–1250 °C, with residual potassium likely being present
as counter ions in phenolate groups [22,23]. In addition, alkali metal
ions (K+ and Ca2+) promote catalytic conversion of tars to small mo-
lecule products in a temperature range from 700 to 900 °C [24].
However, treatment at temperatures greater than 1250 °C will be re-
quired to produce graphitic or turbostratic carbons suitable as me-
tallurgical coke, and the fate of potassium at these temperatures is not
clear. In addition to knowledge gaps in reactivity and composition, the
cost of biochar reductants is not competitive with metallurgical coke, in
part due to low biochar yields. Previous studies have examined de-
position of biooil and tar recycling to increase char yields and to de-
crease char reactivity [11,25]. For example, impregnating biooil within
an existing char increased the total char yield with minimal effect on
char microporosity and adsorption properties [26]. Similarly, deposi-
tion of biooil on biochar prior to pyrolysis promoted formation of
oxygen-containing functional groups and transformation of small aro-
matic rings to larger aromatic rings [27]. However, literature data are
scarce that describe the effect of biooil deposition on resulting char
properties that impact metallurgical applications, adding uncertainty to
the use of biooil impregnation as an approach to increase char yields
and decrease char reactivity.

In summary, renewable feeds have potential as environmentally
benign replacements to fossil-based reductants used in ferroalloys
production, but knowledge of relationships between feedstock, oper-
ating conditions, and biochar properties is limited. In this study, the
impacts of feedstock, heat treatment temperature (from 1600 to
2800 °C), residence time, and nanostructure on the CO2/O2 reactivity of
woody and herbaceous biomass were investigated. The specific objec-
tives of this study were to: (1) develop structure–property relationships
governing the CO2 and O2 reactivity of biochar at high-temperatures,
and (2) determine the treatment conditions and feedstock composition
which decrease char reactivity to levels that are suitable for application
in ferroalloy industries.

2. Materials and methods

Pinewood, beechwood, wheat straw, leached wheat straw and al-
falfa straw were chosen for the fast pyrolysis study in a drop tube fur-
nace (DTF). The low-ash containing wood (pinewood, beechwood) of
syringyl (S) or guaiacyl-syringyl (GS) lignin types and herbaceous
biomass (wheat straw, alfalfa straw) of hydroxy phenol-guaiacyl-syr-
ingyl (HGS) lignin type, which are rich in K, Ca and Si elements, were
selected to investigate the effect of differences in ash composition and
organic matter (cellulose, hemicellulose, lignin, extractives) on the char

structure and reactivity. The wheat straw was leached in deionized
water (room temperature) by continuous stirring for 12 h, followed by
drying at 30 °C in an oven desiccator without any ventilation. Due to
leaching of wheat straw, the metal content was reduced to≈60% of the
original value and the Cl, S, K, Na and P contents were strongly re-
duced. Char samples were generated in the drop tube reactor at
1250 °C, as described in detail by Trubetskaya et al. [28]. The tem-
perature of 1250 °C that is the wall temperature of the DTF was selected
to ensure the complete pyrolysis. The reactor consists of an alumina
tube (internal diameter: 54mm, heated length: 1.06m) heated by four
heating elements with independent temperature control. The experi-
ments were conducted by feeding ≈5 g of biomass at a rate of 0.2 g
min−1. Both primary (0.18 l min−1 measured at 20 °C and 101.3 kPa)
and secondary (4.8 l min−1 measured at 20 °C and 101.3 kPa) feed
gases were N2. The residence time of fuel particles was estimated to be
about 1 s, taking into account density changes during pyrolysis. The
char samples generated at 1250 °C were further heated up to 1300,
1600, 2400, and 2800 °C in high-temperature furnaces. The effect of
residence time on the char properties was studied by keeping samples at
1300 or 1600 °C for 2 or 12 h.

Pinewood biooil was supplied by BTG BioLiquids. When used, 10 g
of pinewood char mixed with 20mL of biooil were stirred at 40 °C for
5 days and further reacted at 1600 °C in a high-temperature furnace.
The CO2 and O2 reactivity of all char samples was investigated in a
thermogravimetric analyzer. Reactivities of biomass chars and me-
tallurgical coke were compared using reaction rates calculated from the
derived kinetic parameters. TEM analysis and Raman spectroscopy
were performed to characterize the effect of temperature, residence
time, and feedstock on the char carbon chemistry and nanostructure.

2.1. Raw biomass characterization

The ultimate and proximate analysis of pinewood, beechwood,
wheat straw, leached wheat straw, alfalfa straw, metallurgical coke and
pinewood biooil is shown in Table 1.

The fuels were milled on a Retsch rotor mill RZ200 and sieved to a
particle size fraction of 0.2–0.425mm. The analysis of biomass con-
stituents (cellulose, hemicellulose, acid-soluble lignin, acid-insoluble
lignin, and extractives) was conducted according to NREL technical
reports [29–31] and Thammasouk et al. [32], and shown in Table 2.

2.2. High-temperature furnace (1300–2400 °C)

The char samples were further treated in the high-temperature
furnace LHTG 200–300/20-1G (Carbolite Gero, Germany), as shown in
Fig. 1. The furnace can be operated at temperatures up to 1800 °C and
at heating rates up to 20 °C min−1. Prior to each experiment, 5 g of the
char sample was loaded into the A2O3 crucible (Almath Crucibles Ltd,
UK) placed in the graphite retort middle. Prior to pyrolysis, the furnace
was repeatedly evacuated and purged by argon. The char sample was
heated at 10 °C min−1 up to 1300 and 1600 °C and kept at that tem-
perature for 2 h. The sample was cooled to room temperature at a rate
of 20 °C min−1. Another high-temperature furnace 200–300/30-1G
(Carbolite Gero, Germany) was used to heat the char sample to 2400 °C.
Samples were stored in sealed plastic containers.

2.3. High-temperature furnace (2800 °C)

The biochar was treated in a vacuum induction furnace (max.
60 kW, max. 10 kHz) with a chamber volume of 0.5m3, as shown in
Fig. 2. The heating vessel consists of a three-part crucible with an outer
alumina crucible (outer diameter: 130mm, inner diameter: 110mm,
height: 300mm), a middle carbon crucible (outer diameter: 90mm,
inner diameter: 50mm, height: 145mm) and an inner glass carbon
crucible (outer diameter: 50mm, inner diameter: 38mm, height:
125mm). The three-part crucible was positioned in an induction coil.
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The gap between the alumina crucible and the carbon crucible was
filled up with a carbon felt. A carbon felt disc (diameter: 110mm,
height: 30mm) between the bottom of alumina and carbon crucibles
was used for the high-temperature protection. The sample was placed in
the glassy carbon crucible. The sample temperature was measured by a
non-contact thermometer (Cyclops 100L 2F, LAND AMETEK) through a
borosilicate glass tube (diameter: 180mm, height: 20mm) at the upper
part of the vacuum chamber. The non-contact thermometer was cali-
brated against Pt, Al2O3, and Mo. Prior to the experiment, the chamber
was evacuated and filled with argon. The chamber was continuously
purged by argon at a defined flow rate of 10 l min−1. The sample was
heated at 3 °C s−1 up to 2800 °C and kept at that temperature for 2 h.
The sample was cooled to room temperature at a heating rate of 30 °C
min−1 and stored in sealed plastic containers.

2.4. Char analysis

2.4.1. Elemental analysis
The elemental analysis was performed on Analyser Series II (Perkin

Elmer, USA). Acetanilide was used as a reference standard. The ash
content was determined using a standard ash test at 550 °C, according
to the procedure described in DIN EN 14775.

2.4.2. Thermogravimetric analysis
The char samples were crushed to a fine powder in a mortar with a

ceramic pestle. The reactivity of char was analyzed by exposing samples
to a reactive gas consisting of 40% volume fraction CO2 and 5% volume
fraction O2 in a thermogravimetric instrument Q600 (TA Instrument,
USA). In each experiment, 4 mg of sample were loaded into an Al2O3

crucible and heated from 30 to 1500 °C in CO2 at a constant heating rate
of 10 °C min−1. The kinetic parameters of char samples were derived by
the integral method presented by Coats and Redfern [33]. Through
integral transformation and mathematical approximation, the linear
equation was expressed in the form:

⎜ ⎟⎛
⎝
− − ⎞

⎠
= ⎛

⎝
⎞
⎠
−ln ln X

T
ln A R

κ E
E
R T
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· ·a

a
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In Eq. (1), κ is the heating rate and R is the gas constant. A plot of ln(-ln
(1-X) T−2) versus T−1 gives a straight line whose slope and intercept
determine the values of the activation energy (E )a and pre-exponential
factor (A). The reactivities of char samples were compared using re-
action rates calculated from the derived kinetic parameters (A and Ea)
at a fixed gasification temperature of 1000 °C.

2.4.3. Raman spectroscopy
Raman spectroscopy was performed using an inVia Raman micro-

scope (Renishaw, UK) operating with a 514 nm laser line at a power of
30mW. The measurements were performed in static mode with a center
at 1600 cm−1, resulting in a 960–2200 cm−1 spectral region. The laser
power was set to 100% in the software and roughly 30% in the

Table 1
Proximate and ultimate analysis.

Fuel Pinewood Beechwood Wheat straw Alfalfa straw Leached wheat straw Metallurgical coke Pinewood biooila

Proximate analysis
Moisture, (wt.% as received) 5.1 4.5 5.5 5.2 4.3 0.6 25
Ash at 550 °C, (wt.% dry basis) 0.3 1.4 4.1 7.4 2.1 11.8 0.01
Volatiles, (wt.% dry basis) 86.6 79.4 77.5 75.9 82.2 3 -
HHV, −(MJ kg )1 21.6 20.2 18.8 19.7 19 27.9 18.5

LHV, −(MJ kg )1 20.2 19 17.5 16.9 17.2 27.8 16

Ultimate analysis, (wt.%, dry basis)
C 53.1 50.7 46.6 42.5 46.2 85.6 46
H 6.5 5.9 6.1 6.7 6.8 0.3 7
N 0.06 0.13 0.6 0.3 0.05 1.8 0.01
O 40 41.9 42.5 43.1 44.8 47
S <0.01 0.01 0.1 0.03 0.02 0.5 0.01
Cl 0.01 0.02 0.1 0.5 0.01 0.03 0.003

Ash compositional analysis, ( −mg kg 1, dry basis)
Al 10 10 150 600 100 12000 550
Ca 600 2000 2500 12900 1300 6400 500
Fe 20 10 200 - 350 6300 200
K 200 3600 11000 28000 1200 1700 850
Mg 100 600 750 1400 350 1300 550
Na 30 100 150 1000 50 1100 200
P 6 150 550 1900 80 400 10
Si 50 200 8500 2000 6200 27000 1800
Ti 2 < 8 10 30 10 550 10

a Kinematic viscosity at 40 °C: 13 cSt; pH: 2.9; density: 1.2 kg lt−1; solid content: 0.04%.

Table 2
Lignocellulosic composition of woody and herbaceous biomass.

Biomass Cellulose Hemicellulose Lignin Extractives Protein

acid insoluble acid soluble

Pinewood 38.3 17.8 29.6 1.8 8.8∗ 0.6
Beechwood 35 19.2 32 1.5 7.5∗ 1.9
Wheat straw 35.9 18 19.2 6.5 10.1∗∗ 6.3
Leached wheat straw 32.1 23.5 13.8 2 13.3∗∗. 1.3
Alfalfa straw 18.8 12 14.7 6.8 39.6∗∗ 5.1

∗ Acetone extraction.
∗∗ Ethanol–water extraction (room temperature).
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hardware by using a filter. 1 s exposure time was used in normal con-
focality mode. A 20x lens and 8–15 μm step size (X and Y directions)
was used for mapping, to generate 100–200 spectra/image for each
char sample. Cosmic rays were removed and the data was subjected to
multivariate noise filtering using the WiRE chemometrics package
version 3.0 (Renishaw, UK). Spectra were saved as text files and pro-
cessed via the free, open-source MatLab script provided by the
Vibrational Spectroscopy Core Facility at Umeå University (www.kbc.
umu.se/english/visp/download-visp/). The following parameters were
used for spectra pre-processing: asymmetrical least squares baseline
correction with lambda=20,000,000 and p= 0.001 [34]; Savitzky-
Golay smoothing with the first polynomial order and frame rate of 3

[35]. Spectra were total area normalized in the entire spectral range.
The corrected spectra from each mapping were then averaged to create
a final composite curve for the peak deconvolution. No spectral scaling
was performed. Deconvolution of the Raman spectra was conducted
using the peak fit pro tool in the OriginPro software (OriginLab, USA)
by combination of seven Gaussian-shaped bands (D4, D3, D, D2, D5, G,
and D6) following Sadezky et al. [36]. The mean crystal size in the a-
direction (L )a with the fitting constants C0 = −12.6 nm and C1 =
0.033, which are valid for the laser wavelength from 400 to 700 nm, is
given by [37]:

= +L C C λ
A A/a

L

D G

0 1

(2)

Fig. 1. High-temperature furnace at University of Agder.

Fig. 2. High-temperature furnace at University of Duisburg-Essen.
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2.4.4. Transmission electron microscopy
Prior to microscopy, char samples were held at 350 °C for 6 h in a

thermogravimetric instrument to devolatize the samples. Samples were
ground in a mortar to ensure a homogeneous particle distribution, so-
nified in deionized water for 30min, wet dispersed on a lacey carbon
copper grid and dried at room temperature for 20min. Char nanos-
tructure was studied using a Jeol 2200 fs operated at 200 keV, equipped
with an Oxford Instruments X-Max SDD EDS detector. The curvature of
a single graphene sheet is defined in Eq. (3):

=Curvature
Length

Fiber length (3)

The length is a straight line that connects both ends of a graphene sheet.
The fiber length is the contour or arc length, as shown in the
Supplemental Material (Fig. S-1). Both length and fiber length were

estimated by Gatan Digital Micrograph software according to the
method of Müller et al. [38]. Portions of the image with visible gra-
phene layers were magnified to a size of 10 nm×10 nm, and both
length and fiber length were manually determined by the software ruler
which draws a straight or contour line to connect both ends of a gra-
phene sheet.

3. Results

3.1. Char reactivity

Fig. 3 shows differential weight loss curves (DTG) for CO2 gasifi-
cation (40% by volume) of wood and herbaceous biomass char samples,
metallurgical coke, biooil char, and the reacted mixture of biooil with
pinewood char at 1600 °C. Depending on the sample, the DTG curves
show both either a single broad peak or a double peak, both of which

Fig. 3. (a), (c)–(f) DTG curves of pinewood, beechwood, leached wheat straw, wheat straw, alfalfa straw char from pyrolysis at 1300, 1600, 2400, and 2800 °C for 2
and 12 h and (b) DTG curves of pinewood char, co-pyrolysis of pinewood char with biooil at 1600 °C for 2 h, biooil char from pyrolysis at 1600 °C for 2 h, and
metallurgical coke reacted in 40% volume fraction CO2+ 60% volume fraction N2.

G.R. Surup et al. Fuel 235 (2019) 306–316

310
120



indicate a heterogeneous char mixture with respect to reactivity
[39,40]. The maximal reaction rates of chars produced in the drop-tube
furnace varied significantly from 800 to 900 °C, whereas the wheat and
alfalfa straw chars were more reactive than the pinewood, beechwood,
and leached wheat straw chars [41]. In contrast, CO2 gasification of all
char samples from pyrolysis at 1300 °C for 2 and 12 h took place at
nearly the same temperature range from 700 to 1050 °C. The maximum
rate of all chars treated at 1600 °C in the CO2 was about 100 °C greater
than that of char samples from pyrolysis at 1300 °C, confirming the
previous results of Trubetskaya [42]. The reactivities of chars from
pyrolysis at 2400 and 2800 °C were nearly identical. Similar tendencies
were observed for the oxidation reactivity of char, as shown in the
Supplemental Material (Fig. S-2). The pinewood, beechwood and wheat
straw chars obtained from pyrolysis at 2800 °C exhibited a triple peak,
indicating the development of three main components: a reactive
carbon constituent, a carbon constituent with intermediate reactivity,
and a less reactive carbon structure with reactivity that approaches that
of commercial graphite and metallurgical coke. The reactivity of me-
tallurgical coke was similar to that of pinewood char from pyrolysis
2800 °C. The results show that differences in heat treatment tempera-
ture have more influence on char reactivity than the residence time and
feedstock composition, and will be discussed below.

Fig. 3b shows that the maximum reaction rate of biooil char ob-
tained from pyrolysis at 1600 °C was about 100 °C greater than that of
pinewood char reacted under the same operating conditions, based on
the kinetic parameters in the Supplemental Material (Table S-4). Ad-
ditional heat treatment of mixed biooil with pinewood char at 1600 °C
decreased the CO2 reactivity. The results showed that the maximal CO2

gasification rate of reacted biooil and pinewood char was about 50 °C
lower than of metallurgical coke, emphasizing the importance of biooil
addition on the char reactivity.

3.2. Elemental analysis

Fig. 4 shows a Van Krevelen plot of char derived from wood and
herbaceous biomass, metallurgical coke, biooil char, and mixed biooil
with pinewood char. The results contained in Fig. 4 indicate that the
oxygen content in all char samples decreases with the higher heat
treatment temperature. The alfalfa straw char obtained from pyrolysis
at 1300 °C contained less carbon and more oxygen than chars obtained
from other feedstocks. Interestingly, the elemental composition of all
char samples obtained from pyrolysis at 2400 and 2800 °C was com-
parable to the composition of metallurgical coke.

3.3. Nanostructure

The nanostructure of pinewood char treated at 1300 and 1600 °C for
2 and 12 h, 2400 and 2800 °C for 2 h was studied by TEM, as shown in
Fig. 5. The pinewood char exhibited a common structure of amorphous
carbon at 1300 °C, whereas a mixture of amorphous carbon and nano-
crystalline graphite was observed at 1600 °C. The graphene layers of
pinewood char from pyrolysis at 1600 °C for 12 h and 2400 °C for 2 h
were arranged in onion rings and straight ribbon structures. With in-
creasing residence time, the onion-like carbon structures becomes more
prevalent. Increasing the heat treatment temperature up to 2800 °C led
to the gradual elongation of graphene-like layers and an increased
number of graphene segments in the stacks, as shown in Fig. 5f. The
pinewood char reacted at 2800 °C formed a nanostructure similar to a
crystalline carbon membrane [43]. The bent graphene segments of
graphitized char contain carbon with hexagonal graphene segments
[44] and a mean separation distance of 0.33 nm that indicates the
highest degree of graphitization (graphite spacing≈0.335 nm) [45].
The pinewood char generated at 1600 and 2400 °C had a less ordered
structure with mean separation distance of 0.35 nm. The differences in
the nanostructure of pinewood chars generated at 1600 and 2800 °C
suggest that heat treatment temperature influences char properties. The
long residence time of 12 h at 1600 °C led to the formation of ring
graphitic structures in pyrolysis of pinewood and beechwood char, as
shown in Fig. 5d and Supplemental Material (Fig. S-21(c)). Less or-
dered, straight graphitic structures were formed at shorter residence
times in high-temperature pyrolysis. Fig. 6 shows that the biooil char
consisted of an amorphous carbon structure, whereas the reacted
pinewood char with biooil contained a mixture of amorphous carbon
and nano-crystalline graphite structures. The nanostructure of reacted
pinewood char and biooil consists of nano-crystalline graphite with
30–50 layers of straight graphene segments. Fig. 7 shows the differ-
ences in nanostructure of beechwood, leached wheat straw, wheat
straw and alfalfa straw chars obtained from pyrolysis at 2800 °C.

High heat treatment temperature of pinewood and beechwood chars
led to the formation of nano-crystalline graphite with more than 100
layers of straight graphene segments arranged in an interconnected
ribbon-like geometry [46]. The leached wheat straw char showed a
well-ordered graphitic structure at 1300 °C, whereas the wheat straw
char exhibited a similar graphitic structure at 2400 °C, as shown in the
Supplemental Material (Fig. S-22).

Differences in carbon structure suggest that leaching of original
wheat straw has an influence on the char properties, when the material
is treated at temperatures ranging from 1300 to 1600 °C. However,
Fig. 7b and c show that leaching does not affect the char nanostructure
at 2800 °C, suggesting that temperature becomes the dominant variable
at these conditions.

Both non-treated wheat straw and leached wheat straw chars con-
tained a mixture of an amorphous carbon and a nano-crystalline gra-
phite that was arranged in onion ring structures, similar to the pristine
wood and lignin chars [47,48]. The alfalfa straw char contained a large
number of pores up to around 10 nm long and 5–10 layers thick. The
alfalfa straw char structure is mainly composed of curved and faceted
nano-crystallites, similar to glassy carbon [49]. The wood chars ex-
hibited a well-ordered graphitic structure, whereas the nanostructure of
alfalfa straw char was more porous, containing random fragments with
30–50 layers of straight and long graphene segments.

3.4. Raman spectroscopy

Raman spectroscopy was carried out to examine primary differences in
the carbon structure of char samples, as shown in the Supplemental
Material (Figs. S-15–S-20). Based on estimated A /AD G ratios, all samples
exhibited a common structure of amorphous carbon and nano-crystalline
graphite, as discussed by Ferrari and Robertson [50]. Pyrolysis at 1300
and 1600 °C resulted in a less graphitic char structure (A /AD G: 1.1–2.5)

Fig. 4. Van Krevelen plot of pinewood, beechwood, leached wheat straw, wheat
straw, and alfalfa straw chars from pyrolysis at 1300 and 1600 for 2 and 12 h,
2400 and 2800 °C for 2 h, metallurgical coke, biooil char and mixed biooil with
pinewood char reacted at 1600 °C for 2 h.
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than pyrolysis at 2400 and 2800 °C (A /AD G: 0.4–0.9). The A /AD G ratios of
pinewood and leached wheat straw chars reacted for 2 or 12 h varied only
slightly at 1300 and 1600 °C, indicating that the residence time had less
influence on the char graphitization than the heat treatment temperature.
The biooil char obtained a similar structure to pinewood char and mixed
biooil with pinewood char reacted at 1600 °C for 2 h with the A /AD G ratio
of 1.1. The average extension of graphene layers (L )a in the char reacted at
1300 and 1600 °C (2.2–4 nm) was less than those in chars from pyrolysis at
2400 and 2800 °C (4.8–10.9 nm). The size of one aromatic ring is 0.25 nm

[51], and therefore, the size of PAHs in the char (1300–1600 °C) is
equivalent to approximately 9–16 aromatic rings and at higher tempera-
tures the amount of aromatic rings increases up to 19–44. The average
extension of graphene stacks (L )a in char samples obtained from pyrolysis
at 1300–1600 °C was quantitatively similar to that of commercial carbon
black (Printex XE2: 2.5 nm; Vulcan XC72: 2 nm; Printex L: 1.4 nm).
Treatment at higher temperatures led to the formation of more graphitic
char structure with an average extension similar to graphite (5.6 nm) [52].

Fig. 5. TEM images of pinewood char reacted at 1300 °C and 1600 °C for 2 and 12 h, 2400 and 2800 °C for 2 h.
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4. Discussion

Thermogravimetric experiments showed that heat treatment tem-
perature exerted greater influence on the intrinsic reactivity of char
samples than either residence time or feedstock origin. In principle, the
reactivity of char can be affected by differences in ash composition,

residence time, carbon chemistry, nanostructure, and heat treatment
temperature. The ash content of native wheat straw (4.1 wt.%) was 20
times higher than that of native pinewood (0.3 wt.%). Thus, based on
ash content alone it might be expected that wheat straw char should be
more reactive than the pinewood char. However, differences in re-
activity were observed only for chars reacted in the drop tube furnace,

Fig. 6. TEM images of pyrolyzed biooil and mixed pinewood char with biooil reacted at 1600 °C for 2 h. In Fig. 6b the nano-crystalline graphitic structure is enlarged
in the red rectangle.

Fig. 7. TEM images of beechwood, leached wheat straw, wheat straw, and alfalfa straw char reacted at 2800 °C for 2 h. In Fig. 7b and d the nano-crystalline graphitic
structure is shown in the red rectangle.
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whereas the reactivities of all chars remained similar at both tem-
peratures (1300 or 1600 °C) reacted for 2 and 12 h. This indicates that
neither ash composition nor residence time has a strong influence on
the observed differences in char reactivity.

Heat treatment temperature, carbon chemistry, and nanostructure
of char samples were the main factors influencing the reactivity during
CO2 gasification and oxidation. Raman spectroscopy results showed
that all char samples obtained from pyrolysis at 1300 and 1600 °C for 2
and 12 h exhibited a structure similar to carbon black based on their
comparable A /AD G ratios (1.7–2.6). Treatment at higher heat treatment
temperatures decreased the integrated peak area ratios to lower values
(0.4–0.9) due to the effects of increasing carbon graphitization.
Previous studies showed that low separation distances (close to that of
graphite) and high periodicity lead to lower oxidation of carbon ma-
terials, while the more bent graphene layers might enhance the re-
activity [53,54]. The char samples exhibit shorter and less curved
graphene layers and less recognizable crystalline structure than coal
char, indicating either higher porosity or larger fraction of amorphous
carbon [55,56]. This indicates that biomass chars might consist of non-
graphitizing carbons [57,58]. The present results showed that the gra-
phitization of all char samples increases significantly with increasing
heat treatment temperature, whereas the CO2 and O2 reactivity de-
creases. The TEM analysis showed that the mean separation distance of
graphene segments of chars from pyrolysis at 2400 and 2800 °C was
similar to graphite (0.335 nm), whereas char samples reacted at 1300
and 1600 °C mostly contained an amorphous carbon with a minority
component of nano-crystalline graphite. The short graphene layers of
chars from pyrolysis at 1300 and 1600 °C were associated with higher
CO2 and O2 reactivity, whereas straight and long graphene segments,
which are arranged in more than 100 layers in the char samples from
higher temperature pyrolysis, decreased the char reactivity. The results
indicated that the composition of original feedstock has an influence on
the formation of nano-crystalline carbon in char samples. The nanos-
tructure of alfalfa straw char obtained from pyrolysis at 2800 °C was
less graphitic and more porous with 30–50 layers of graphene segments
than the pinewood char. The long and straight graphene layers of al-
falfa straw char at 2800 °C suggest that an increase in heat treatment
temperature might lead to further char graphitization and formation of
additional graphene segments, as shown in Fig. 7d. Both pinewood and
beechwood chars contained a nano-crystalline graphite with more than
100 layers of straight graphene segments, forming a continuous surface
merged with the small fraction of remaining amorphous carbon. The
TEM results showed that both woody and herbaceous biomass chars
most likely exhibit a graphitizing carbon structure, based on the

comparison with the carbon structures proposed by Franklin [55].
The pinewood char obtained from pyrolysis at 1600 °C was 59 times

more reactive than metallurgical coke in CO2 gasification. The pyrolysis
of biooil led to the formation of less reactive char than pinewood char
under similar operating conditions, but still more reactive than me-
tallurgical coke by factor of 27. The reaction rate of the biooil and
pinewood char mixture reacted at 1600 °C was 15 times greater than
that of metallurgical coke, consistent with previous results of Veksha
et al. [26]. According to previous reports, the addition of biooil to the
pinewood char leads to the formation of carbon deposits during pyr-
olysis [59,60]. Thermal decomposition generates H/O/OH radicals that
penetrate deep into the char structure, promoting condensation reac-
tions between the PAH rings, forming small ring structures (3–5 fused
rings), and later transforming into larger PAH compounds [61,62].
Carbon deposits consisting of large PAH compounds are difficult to be
cleaved during CO2 gasification, decreasing the char reactivity as ob-
served here and elsewhere [27]. This indicates that both heat treatment
temperature and addition of biooil decrease CO2 gasification reactivity.
The elemental composition of metallurgical coke and chars obtained
from pyrolysis at 2400 and 2800 °C was similar, yielding pinewood char
with reactivity comparable to metallurgical coke. This emphasizes that
heat treatment temperature is the most important factor determining
CO2 gasification reactivity. The reaction rates of all char samples
treated at 2400 and 2800 °C were of the same order of magnitude in
CO2 gasification due to the extent of graphitization of char structure.
Raman data were examined to understand the relationship between
char reactivity and structure. As shown in Fig. 8, the A /AD G ratios es-
timated from Raman spectroscopy were correlated with the CO2 gasi-
fication reactivity.

Ragardless of source, A /AD G ratios are greater than 1 and reactivity
is greater than 0.002 s−1 for samples treated at
temperatures< 2400 °C. For A /AD G ratios greater than 1, the re-
lationship between A /AD G ratios and reactivity is weak, with feedstock
showing a clear impact on reactivity. On the other hand, pyrolysis of all
tested materials at temperatures> 2400 °C leads to A /AD G ratios less
than 1 (0.4–0.9) and reactivity less than 0.002 s−1. This result clearly
demonstrates that heat treatment temperature becomes the dominating
factor governing reactivity when it is greater than 2400 °C, with chars
obtained from all sources approaching a similar graphitic structure.

5. Conclusion

Various types of biomass were converted into renewable carbo-
naceous solids by pyrolysis treatment. The resulting materials were
studied for reactivity and structure. Thermogravimetric analysis results
showed that the CO2 and O2 char reactivities depend mainly on heat
treatment temperature, and less on the ash composition of the original
feedstocks and residence time. Differences in reactivity were ascribed in
part to differences in char nanostructure, as evaluated by Raman
spectroscopy. Treatment of biochar samples at temperatures greater
than 1300 °C clearly showed that residual alkali metals have sig-
nificantly less catalytic influence on char properties than observed at
treatment temperatures less than 1300 °C. Under properly selected
treatment conditions (e.g.> 2400 °C), chars can be produced from re-
newable sources with reactivity approaching that of fossil-based me-
tallurgical coke. Co-pyrolysis of biomass with biooil also shows promise
for producing carbons with reactivity comparable to metallurgical coke.
The findings of this study emphasize the potential use of biocarbon-
based reductants in the ferroalloy industries, with concomitant reduc-
tion in CO2 emissions.
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Abstract

This work demonstrated that the coupling of supercritical carbon dioxide

extraction with slow pyrolysis is effective to remove over half of extractives

from low quality wood and to generate biochar from remaining solid wood

fractions. The high yields of extractives from supercritical carbon dioxide

extraction illustrates the potential utilizing of low quality wood as an al-

ternative feedstock for the sustainable production of value-added chemicals.

Results showed that supercritical carbon dioxide extraction has neither a
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strong impact on the physical properties of original wood nor on the yield

of solid biochar. These results are promising as they show that the biochar

obtained for this renewable feedstock could be used as an alternative to

fossil-based coke in applications including ferroalloy industries. Moreover,

the heat treatment temperature and supercritical carbon dioxide extraction

had a significant impact on the tar yields, leading to the increase in naphtha-

lene, polycyclic aromatic hydrocarbons, aromatic and phenolic fractions with

the greater temperature. The differences in gasification reactivity and dielec-

tric properties of solid biochars, composition and yields of liquid products of

non-treated pinewood and extracted wood fraction emphasize the impact of

supercritical carbon dioxide extraction on the pyrolysis process.

Keywords: biochar reductants, high-temperature pyrolysis, supercritical

CO2 extraction, XµCT, dielectric properties

1. Introduction

Wood for energy purposes represents about 9 % of the total wood uti-

lization in Sweden [1, 2]. Pelletized softwood such as Scots pine and Norway

spruce are major solid feedstocks for energy production in Sweden [2]. The

separation of extractives from the wood provides a valuable feedstock for the

energy sector and metallurgical industries [3]. The extracted fatty/resin acids

can be utilized as primary feedstocks for chemicals and biorefinery applica-

tions [4–7], whereas the wood fraction after extraction is of high importance

as a source of green carbon that could be utilized in metallurgical indus-

tries. Supercritical carbon dioxide (scCO2) extraction of fatty/resin acids

has been shown to improve the off-gassing of wood pellets, thus reducing the
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potential for uncontrolled auto-oxidation, while maintaining pellet proper-

ties [3, 8]. Supercritical fluid extraction increases the bending strength and

stiffness of residual wood and, thus, decreases the cost of process scaling up,

wood storage and transportation [9]. Little is known about the effect that

scCO2 extraction has on the various physicochemical properties of different

wood fractions in terms of the yields and characteristics of pyrolysis products

used as biocoke reductants in metallurgical industries.

Utilization of the forest residues is constrained and frequently prevented

by economic, technical and ecological challenges, which are related to anisotropic

properties of wood [10]. The physical and chemical properties of lignocellu-

losic materials depend on structural (e.g. knots and grain deviation) and en-

vironmental (e.g. moisture and temperature) interactions during tree growth [11].

The mineral content and distribution of lignocellulosic compounds show sig-

nificant variations between tree part (root, stem and branch) [12]. Needles are

rich in lipophilic extractives, especially in waxes [13, 14]. Spruce needles have

high phosphorus, sulfur, potassium and calcium contents, whereas the spruce

bark contains high amounts of calcium and magnesium [15, 16]. The ash and

extractives contents are higher in bark compared to stemwood [17], branch

and root wood samples contain more minerals, galactan, xylan and lignin

compared to glucomannan rich stemwood [10]. The physical properties such

as moisture content, shrinkage, density and permeability are affected by the

chemical composition of wood. Understanding the properties of wood frac-

tions (bark, stem, needles, branches) is important for: (1) optimizing solvent

extraction processes leading to maximal yields of extractives and (2) opti-

mizing the biochar production in metallurgical properties. The combination
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of biochar production from biomass with scCO2 pre-treatment will provide a

cost-efficient biocoke reductant for the metallurgical industries and improve

the quality of a value added by-product for further application in chemical

industries.

The main objective of this work is to demonstrate that the removal of

extractives from low value forest residues using scCO2 treatment provides

a valuable feedstock in addition to biochar production. The differences in

properties of original wood fraction and samples after scCO2 extraction will

be studied using X-ray microtomography, 2D dynamic imaging, helium pyc-

nometer and mercury intrusion porosimeter. The product mass balances of

non-treated wood fractions and samples after supercritical extraction will be

established in high-temperature slow pyrolysis and the tar compounds will be

characterized using GC-FID and GC-MS systems. The effect of feedstock ori-

gin and scCO2 extraction on the biochar characteristics will be investigated

using a thermogravimetric analyzer and microwave network vector analyzer.

2. Materials and methods

2.1. Supercritical CO2 extraction

The scCO2 extractions were conducted using a supercritical extractor

SFE 500 (Thar technologies, USA). Supercritical fluid grade carbon dioxide

(99.99 %, dip-tube liquefied CO2 cylinder obtained from BOC) was used in

the extractions. The CO2 supplied from a cylinder as a liquid was maintained

in this state through a cooling unit (-2◦C) to avoid cavitation in the high pres-

sure pump. ScCO2 extractions of the different biomass types were optimized

using a two-level factorial design [8]. Evaluation was made by determination
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of the extracts’ weight in the different experiments. Approximately 180 g of

biomass was placed into the 500 mL extraction vessel. The reaction vessel

was heated to the required temperature and was equilibrated for 5 min. An

internal pump was used in order to obtain the required pressure. The system

was run in dynamic mode, in which the carbon dioxide containing the extrac-

tives was flowed into the collection vessel. A flow rate of 40 g min−1 of liquid

CO2 was applied and the extraction was carried out for 2 h. On completion

the system was depressurized over a period of 60 min. Eight extractions were

carried out at various pressures (200, 300 and 400 bar) and temperatures (40,

50 and 60◦C).

2.2. Slow pyrolysis reactor

The biochar samples were generated in the slow pyrolysis reactor, as

shown in Figure 1. The reactor can be operated at temperatures up to 1350◦C

and heating rates up to 20◦C min−1. The pyrolysis setup encloses a two-stage

cooling system with a condensation collector and a pyrolysis gas sampling

unit. The pyrolysis retort (inner diameter: 75 mm, height: 150 mm, wall

thickness: 2 mm) is made of SiC material. The volume flow of the N2 gas

was measured by the flowmeter HFC-202 (Teledyne, USA). The reactor was

continuously purged by nitrogen at a constant flow rate of 100 ml min−1.

The temperature control system was based on the LabView software (Version

8.6). The sample mass of 20 g for each experiment was selected. The wood

sample was distributed homogeneously in the reactor’s retort, pre-heated

in nitrogen at 10◦C min−1 up to 160◦C and kept at that temperature for

30 min. The dried wood was further heated at 10◦C min−1 up to 900, 1000,

and 1100◦C and kept at the final temperature for about 1 h to ensure the
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complete conversion. After the heating program was finished, the furnace was

switched off and the biochar sample was cooled overnight in N2 (0.3 l min−1).

Samples were stored in sealed plastic containers.

N
2

T
1

T
2

condenser 1
condenser 2

condensation 
collector

fume hood

gas bag

heating
tape

T
heating tape

toploader furnace

pyrolysis retort 

Figure 1: Slow pyrolysis reactor setup.

2.3. Original biomass and char analysis

Elemental analysis. The elemental analysis was performed on an Analyser

Series II (Perkin Elmer, USA). Acetanilide was used as a reference standard.

The ash content was determined using a standard ash test at 550◦C, according

to the procedure described in DIN EN 14775.

Ash compositional analysis. The ash compositional analysis was performed

by an X-ray fluorescence instrument (Shimadzu, model EDX 800-HS) at

TU Munich. Prior to the XRF analysis, char samples were pre-heated in
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oxygen at 5◦C min−1 up to 550◦C and kept at that temperature for 7 h.

The generated ash (about 100 mg) was initially mixed and then pressed with

a special wax (mixture ratio 1:5). The Cl and S content in the ash was

analyzed by ICP-OES/IC at ASG Analytics. The ash sample was dissolved

in ultrapure water at 120◦C for 1 h, and then the solution was filtered and

analyzed by ICP-OES/IC.

X-ray microtomography. The full 3D microstructure of the wood samples was

scanned using x-ray microtomography (XMT, µCT) [18–20], and character-

ized quantitatively using 3D image analysis. Wood particles, of approximate

mass 10 g, were placed in a Kapton tube and scanned using the XMT in-

strument Zeiss Xradia 510 Versa (Carl Zeiss X-ray Microscopy, Pleasanton,

CA, USA). No compression was used in order to prevent any artificial mod-

ification of the wood particles [21]. The field of view was 3.96 x 3.96 mm2

and the spatial resolution in terms of voxel size was 1.96µm. The x-ray

tube voltage and tube power was 50 kV and 4 W, respectively. 3201 projec-

tions (radiographs) were collected, with exposure time 2.5 s, over a sample

rotation of 360◦, resulting in a total scan time of 5 h. The reconstructed

wood structure corresponds to a cylindrical region of diameter 3.8 mm (top),

3.6 mm (bottom) and height 3.96 mm, as shown in Figure 2. 3D quantitative

analysis of each wood sample was carried out in three subregions of similar

shape, spacial scale and with geometrical location described in Figure 2. The

size of each subregion, denoted Part 1-3, was 2.35 x 2.35 x 1.17 mm3 (1200

x 1200 x 600 voxels). The segmentation was carried out by thresholding, us-

ing Otsu’s method [22], and quantities such as porosity, number of particles,

and volume-to-area ratio were calculated [19, 20]. The porosity was studied
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on both global scale (entire ROI), as well as on particle scale. The parti-

cle porosity was calculated as the original binary mask (after segmentation)

divided with the corresponding data where all the grains are filled, using

a morphologic closing procedure, as described in the supplemental material

(Figures S-12-14).

Figure 2: The 3D reconstructed wood samples scanned by x-ray microtomography, were

each divided into three subsection, denoted Part 1-3, in which the quantitative analysis of

the microstructure was carried out.

Moreover, the volume-to-surface area ratio (V/S) is the total evaluated

volume divided by the sum of surface areas from all particles in a volume.

The 3D quantitative image analysis and visualizations were carried out using

Dragonfly Pro 2.0 software (Object Research Systems, Canada). Additional

2D analysis was carried out for comparison using MatLab R2017a software

(MathWorks Inc., USA), and the image processing toolbox.

Mercury intrusion porosimetry. The pore size distribution and porosity of

biomass samples were determined by a Pascal mercury intrusion porosime-

8

135



ter system equipped with two instruments. Porosity in the ultramacro and

macropore regions was measured by Pascal 140 porosimeter (Micromeritics,

Germany) at the low pressures (up to 400 kPa). The Pascal 440 porosimeter

equipped with a dilatometer (Micromeritics, Germany) was used to deter-

mine the pore size from 1.8 to 7500 nm at high pressures up to 400 MPa. To

access the pores and voids within biomass particles, the samples were de-

gassed at room temperature prior to the measurement. Prior to the porosity

analysis, wood fractions were dried at 50◦C in an oven desiccator for 48 h.

The porosity determined with mercury intrusion porosimetry only includes

the percentage of open pores that are mercury accessible [23]. The pore sizes

in the wood were distinguished into three categories: micropores (1.8-80 nm),

mesopores (80-500 nm) and macropores (0.5-58µm) [23, 24]. The definitions

of porosity can be found in the literature [25].

2D dynamic imaging analysis. The particle size and shape of the original

biomass were measured using the CAMSIZER XT (Retsch Technology, Ger-

many). The particle size distribution, based on the volume, is represented by

the xMa,min diameter. For the particle size analysis, ca. 100 mg of a sample

was used. All measurements were conducted in triplicate to establish suf-

ficient reproducibility within < 0.5 %. The Martin minimal (xMa,min) and

Feret maximal (xFe,max) diameters are suitable parameters to represent the

biomass particle width and length in combustion [26]. The particle shape is

characterized by sphericity/circularity (SPHT) and aspect ratio (b l−1) in

the present study [27].
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Soxhlet extraction. The extractive fractions were removed by loading 3 g in

a Soxhlet apparatus B-811 (Büchi Labortechnik AG, Switzerland) with a

mixture (90/10 % v/v) of petroleum ether (Merck, bp 40 to 60◦C) and acetone

(AnalaR Normapur, VWR Chemicals, 100 %) for 1 h [8].

Karl Fischer titration. Karl Fischer titration was carried out using a KF1000

volumetric titrator (Hach, Germany). Tar samples were first dissolved in

anhydrous methanol and then injected into the titration cell. All titrations

were carried out at room temperature and the experiments had an error of

± 0.5 % water content.

Tar analysis. For the semiquantification of annotated substances, 5µl of an

internal standard (Chlorobenzene, Sigma-Aldrich) was injected in the whole

volume of tars dissolved in methanol. Prior to the GC-FID analysis, a 1.5 ml

aliquot was pipetted into the autosampler screw cap vial and stored in the

freezer at -20◦C. The quantitative analysis of tar compounds was performed

on a gas chromatograph 7820A (Agilent Technologies, USA) equipped with a

flame ionization detector (GC-FID) and DB-EUPAH capillary column (30 m

length, 0.25 mm internal diameter, 0.25µm film thickness). The tempera-

tures of the injector and detector were kept at 250◦C and 300◦C, respectively.

The column temperature program ran from 50 to 280◦C. After holding the

oven temperature at 50◦C for the first 2 min the temperature was increased

to 160◦C at a rate of 1.5◦C min−1, then to 230◦C at a rate of 6◦C min−1, and

then to 280◦C at a heating rate of 8◦C min−1 and it was held at this temper-

ature for another 5 min. Nitrogen was used as a carrier gas with a constant

flow rate of 1 ml min−1. Data acquisition and processing were performed us-
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ing Agilent OpenLAB CDS EZChrom A.02.02 (Agilent Technologies, USA).

Certain species were calibrated at four levels with solutions of known con-

centration and 5 replicates per level. Prior to the quantitative analyses in

GC-FID, the tar compounds were annotated using a dual detector system

GC-MS 5975C TAD Series / GC-FID 7890A (Agilent Technologies, USA).

The column temperature and carrier gas settings were kept the same as those

used in GC-FID analysis. The mass spectrometer with a quadrapolar type

analyzer scanned the range from m/z 35 to m/z 250 resulting in a scan rate of

6.22 scans s−1. The mass spectrometer was operated at unit mass resolution.

A 0.5µl of sample was injected at a 4:1 split ratio. The collected spectra

were exported from Chemstation E.02.00.493 (Agilent Technologies, USA)

to NetCDF and further processed by the statistical software ”R” 2.15.2 [28]

that can acquire and align the data, correct baseline, set time-window and

perform multivariate analysis [29]. The multivariate analysis using MCR-AR

algorithm yielded deconvoluted mass spectra with the well-resolved overlap-

ping peaks [30], which were imported into the mass spectra library software

NIST MS Search 2.0 [31]. The area of peaks was normalized to 100 % within

each sample and the mean of triplicate measurements was calculated. The

peaks with mass spectra similarity higher than 80 % were used in the tar

quantification. The relative response factors (RRFs) were determined for

each compound in tar samples using MatLab (version 8.6, MathWorks Inc.).

Thermogravimetric analysis. The char samples were firstly crushed to a fine

powder in a mortar with a ceramic pestle. The thermal decomposition of

char samples was determined using a thermogravimetric instrument STARe

System (Mettler Toledo, USA) by loading 5 mg of sample in Al2O3 crucible.
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Dielectric measurements. A microwave network vector analyzer N5231A PNA-

L (Keysight, USA) was used to measure the dielectric properties of original

biomass and char samples at room temperature. To avoid air gaps induced

errors during measurements and to obtain comparative results, all samples

were grinded, pressed to the same thickness before they were placed in a sam-

ple holder. Each measurement was repeated at least three times to ensure

accuracy. The dielectric measurements were made with a high-temperature

dielectric probe (Agilent 85070) connected via a coaxial cable to the network

analyzer. The complex permittivity was measured in the frequency range

between 1 and 5 GHz at room temperature. The permittivity (ε) and the

loss tangent (tan δ) of the sample are given as [32]:

ε = ε′ − iε” (1)

tan δ =
ε”

ε′
(2)

Where ε’ is the real part and represents the ability of the dielectrics to store

the microwave electrical energy, and ε” is the imaginary part and represents

the loss of microwave electrical energy in dielectrics. The loss tangent, which

is their ratio, measures the magnitude of the microwave electric field loss in

the process.

3. Results

3.1. Biomass characterization

Scots pine trees, with an average age of 147 years, were harvested from

a forest stand in northern Sweden. Fractions from harvested trees were

green needles, branches without needles, and bark from the basal log with a
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mean cross-sectional diameter of 210 mm. Prior to the feedstock characteri-

zation, wood fractions were comminuted on a hammer mill (MAFA EU-4B

manufacturer, Sweden) with an operating speed of 60 Hz sieved to parti-

cle size fractions of 0.05-0.2 mm. Fuel selection in this study was based on

the differences in the ash composition and plant cell compounds (cellulose,

hemicellulose, lignin, extractives). The proximate and ultimate analysis of

non-treated wood fractions and samples after scCO2 extraction is shown in

Table 1. The ash compositional analysis was determined for the non-treated

Scots pinewood fractions. In supplementary Table S-1, the ash content of

non-treated bark and bark after scCO2 extraction remains unchanged, and

thus, no differences in the ash composition are expected in other wood frac-

tions. The compositional analysis of biomass (cellulose, hemicellulose, acid-

soluble lignin, acid-insoluble lignin, protein and extractives) was conducted

according to NREL technical reports [33–35] and Thammasouk et al. [36],

and shown in Table 2.
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Table 1: Proximate, ultimate and ash analyses of non-treated Scots pinewood frac-

tions and samples after scCO2 extraction.

Fuel Needles Bark Branches

original scCO2 extracted original scCO2 extracted original scCO2 extracted

Proximate and ultimate analysis (% on dry basis)

Moisturea 2.5 2.7 2.3 3.1 0.9 1.1

Ash (550 ◦C) 2.2 2.3 0.6 0.5 0.8 1

Volatiles 80.8 78.8 71.6 70.9 80.6 70.9

HHVb 22.4 21.3 21.8 21.3 21.7 20.9

LHVb 21 20 20.6 20.1 20.4 19.6

C 53.7 51.8 54.7 54.5 53.5 51.4

H 6.5 6.3 5.5 5.4 6.2 5.9

O 36.1 38.2 38.8 39.4 39.0 41.2

N 1.3 1.4 0.3 0.2 0.4 0.5

S 0.1 0.1 0.02 0.02 0.03 0.04

Ash compositional analysis (mg kg−1 on dry basis)

Cl 0.02 < 0.01 < 0.01

Al 250 250 150

Ca 2450 1200 1300

Fe 70 60 60

K 5600 800 2000

Mg 750 200 400

Na 25 10 <10

P 1500 150 400

Si 400 350 400

Ti 4 2 6

a wt. % (as received) b in MJ kg−1
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Table 2: Composition of non-treated Scots pinewood fractions and extractives yield

after scCO2 extraction, calculated in percentage based on dry basis (wt.%).

Biomass Cellulose Hemi- Lignin Extractives Extractives

cellulose acid in-

soluble

acid

soluble

(raw wood) (after

scCO2

extraction)

Needles 23.4 15.1 26.5 0.5 12.1 7.9

Bark 19.5 15.1 45.9 0.5 3.9 2.0

Branches 25.3 19.4 28.0 1.0 8.0 4.4

3.1.1. X-ray microtomography

Figure 3 shows the 3D cross-sectional slices obtained from XµCT mea-

surements for non-treated pinewood needles and fraction after scCO2 extrac-

tion. The spacial resolution of 1.96µm is sufficient for observing most features

of the needles fibrous network and yielding physically reasonable structural

assessments. The characteristic features of milled wood particles such as

tracheids, vessels, and pits are observed for both non-treated and extracted

samples. Figure 3(a) shows the higher level of voids in the non-treated nee-

dles than in the extracted wood fraction. The segmented tomography images

of both pinewood needles in the Supplementary material (Figure S-37) show

a wide particle size distribution from 0.01 mm to 12 mm. The XµCT images

indicate that the milled pinewood needles are elongated and cylindrically

shaped. The width to length ratio increases with the larger particle size of

pinewood needles, confirming previous results of Trubetskaya et al. [26]. As

seen in the supplemental material (Figure S-32(a)), the global porosity of

non-treated and extracted pinewood needles is similar. Thus, the bulk den-
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sity of non-treated needles (0.3 g cm−3) is only slightly higher than that of

the fraction after scCO2 extraction (0.29 g cm−3).

3(a): Non-treated needles 3(b): Needles after scCO2 extraction

Figure 3: XµCT imaging analysis of non-treated pinewood needles and fraction

after scCO2 extraction.

Moreover, the bulk density determined using the global porosity from

the XµCT analysis is comparable with the value determined for both sam-

ples using the pycnometer method as shown in Figure 4(a). The non-treated

pinewood needles exhibited a lower porosity than the extracted wood parti-

cles, confirming the results in section 3.1.3. However, the porosity of needles

determined by XµCT was on average 45 % lower than the porosity measured

by the mercury intrusion porosimeter and calculated by skeletal density. This
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is because the mercury intrusion porosimeter measures pores down to 3 nm

compared to the 1.96µm resolution of XµCT instrument as reported by We-

ber et al. [37]. The volume-to-surface area ratio were calculated using the 3D

data from XµCT for both non-treated and extracted needles. The results

showed that the volume-to-surface area ratio determined using the 2D dy-

namic imaging analysis (non-treated needles: 0.0037 mm; extracted needles:

0.0056 mm) was lower than the ratio calculated from XµCT data (non-treated

needles: 0.003 mm; extracted needles: 0.0057 mm). In the 2D dynamic imag-

ing, a particle is represented as an ellipsoid with the thickness assumed to

be equal to the width. The previous microscopy results showed that the

particle thickness of woody and herbaceous feedstocks can be estimated to

be 1/2 of the particle width [26]. In 2D dynamic imaging, the shape of ir-

regular biomass particles is commonly quantified by using equivalent shape

models (i.e. a sphere, an ellipsoid, a cuboid), leading to the underestimation

of the real particle surface area [38]. Three-dimensional image analysis using

the XµCT enables the characterization of the true physical size of irregular

biomass particles based on the results of Hamdi et al. [39].

3.1.2. Biomass density

The bulk densities of original bark, needles, and branches and samples

after supercritical CO2 extraction are shown in Figure 4(a). The bulk density

of original wood fractions is in the range of 0.25-0.34 g cm−3. The scCO2

extraction of wood fractions does not affect the bulk density significantly,

except for the increased bulk density of bark. The results show overall the

bulk density decrease with increasing particle length.
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Figure 4: Bulk, skeletal, envelope, and apparent density and porosity by skeleton

density and Hg intrusion of original bark, needles, and branches and samples after

supercritical CO2 extraction.

The skeletal density of wood fractions is in the range of 1.4 g cm−3, that

increased slightly after scCO2 extraction. Brewer et al. [40] reported that the

envelope density varies substantially with feedstock due to the differences

in cell shape and size distribution. Thus, the porosity of biomass fractions

might be affected by the removal of extractives leading to the lower density.

The apparent density of bark and needles decreases during the supercritical

CO2 extraction. This could be due to the increased micropore content [41].

Interestingly, the reduction of lignin content in branches via scCO2 extrac-

tion might cause the apparent density increase, corresponding to results of

Pfriem et al. [42, 43]. Figure 4(b) demonstrates large differences in porosities

determined by skeletal density and mercury intrusion for the original wood

fractions and samples after supercritical CO2 extraction. For the non-porous

samples, the skeleton and apparent densities are equal. The large differences

in porosity determined by skeletal density and mercury intrusion might be
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attributed to the presence of micropores in the wood fractions. In addition,

the variations in plant cell wall composition (cellulose, hemicellulose, lignin,

extractives) and the pore geometry might lead to the differences in porosity

among the wood fractions [44, 45].

3.1.3. Pore size and porosity

Table 3 shows that untreated needles, bark, and branches and samples

after scCO2 extraction possess a high ratio of macropores in the range of

90-96 % owing to the occurrence of tracheids, with diameter ranging from 18

to 54µm for earlywood and from 12 to 25µm for latewood [46].

Table 3: Pore size and pore size distributions of original bark, needles, and branches

and samples after scCO2 extraction characterized by mercury intrusion porosime-

ter.

Fuel Bark Needles Branches

Original scCO2 Original scCO2 Original scCO2

Macropores, % 90 96 97 95.3 93 94.7

Mesopores, % 7 3.8 3 3.3 5 3.7

Micropores, % 3 0.1 2 1.4 2 1.6

Vcum, mm3 g−1 1520 1840 900 1040 676 940

SSA, m2 g−1 7 3.6 0.7 1.8 5.3 9.3

Average pore diameter, µm 0.9 2 5 2.3 0.5 0.4

Median pore diameter, µm 20 26 43 30 8.6 20

The amount of micropores and mesopores in wood fractions is low, cor-

responding to results of Reyes et al. [41]. This could be accounted for by

the submicroscopic pore system within the cell wall, small apertures within

the resin canals and pits [47, 48]. The range of mesopores complies with

the apertures of the pits which have an average diameter of 200 nm and
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continuous canals within the epithelium tissue [49]. The average pore size

of the high lignin containing bark and branches varied only slightly during

scCO2 extraction. The extraction of needles resulted in a larger percentage

of micro- and mesopores, leading to the specific surface area increase. The

higher cumulative pore volume of wood fractions after extraction is caused

by the high content of micropores with poorer accessibility as reported by

Plötze and Niemz [23]. The results indicate that the wood extraction affects

the pore size and volume only slightly.

3.2. Particle size and shape

The particle size and shape of non-treated wood fractions and samples

after scCO2 extraction were analyzed by CAMSIZER XT instrument. The

results of the particle characterization study indicate nearly similar particle

size of all wood fractions, as shown in the supplemental material (Figure S-3).

The particle shape of samples was characterized using the sphericity (SPHT)

and width/length ratio (b/l) parameters. The wood fractions obtained cylin-

drical or rectangular shapes (SPHT = 0.5-0.8; b/l ratios = 0.5-0.7). It seems

that the needles are more elongated (b/l ≈ 0.5) than other wood fractions.

The bark samples showed the smallest changes in particle size and shape in

the extraction process. The results of particles > 0.25 mm in terms of shape

description were considered as non-representative due to the low presence of

particles in this fraction. The effect of scCO2 extraction is overall negligible

on the particle size and shape of scots pinewood fractions.

3.3. Extractives yields

Total amounts of extractives are shown in Figure 5.
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Figure 5: Yields of extractives from Soxhlet extraction of needles, bark and branches.

The largest amount of extractives (11 wt.%, db) was determined in nee-

dles, whereas the extractives content was significantly lower in branches

(about 7 wt.%, db) and bark (about 3.7 wt.%, db). The Soxhlet extraction

of needles led to significantly greater yields of steroids and derivatives, ter-

penes and other extractives than the extraction of branches and bark. The

extraction of needles and branches gave similar yields of resin acids which

were greater than the yields from bark extraction.

3.4. Biochar characterization

3.4.1. Product yields

The mass balances of the slow pyrolysis experiments with respect to

measured solid residue (char) and major liquid products (water and organic
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fraction), dependent on the heat treatment temperature, are shown in Fig-

ure 6.
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Figure 6: Tar and char yields (wt.% relative to the original biomass) of needles, bark

and branches, reacted at 900-1100◦C in the slow pyrolysis reactor. The total yield of char

is separated in ash and organic matters. The total yield of tar is separated in organic

fraction and water content. The error bars characterize the deviations between the total

yields of products.

The amount of gaseous species was not measured in the present study,

but estimated by the difference from the mass balance. The mass balances

represent an average of two measurements. The char yields from pyrolysis

of needles, bark and branches were similar at 900, 1000 and 1100◦C. The

differences in product yields of non-treated wood fractions and samples after

scCO2 extraction were small. The char yield from pyrolysis of needles was
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lower than that from pyrolysis of bark and vice versa with the liquid product

yields due to the higher lignin content and lower amounts of extractives in

bark. This observation was confirmed by the similarly lower char yields

of branches and needles compared to that of bark. In contrast, the liquid

product yields of bark and branches generated at 1100◦C were similar due to

low content of remaining extractives after scCO2 treatment.

3.4.2. Tar analysis

The identification of individual tar compounds was based on the present

results of GC-MS analysis, PAH pattern recognized in the literature and

comparison with the reference chromatograms of external standards. The

identified tar compounds with the relevant information were listed in the

supplemental material (Table S-3). Figure 7 shows the change in the yields

of tar from pyrolysis of non-treated needles, branches and bark and fractions

after scCO2 extraction in the range from 900 to 1100◦C. The pyrolysis of both

non-treated and scCO2 extracted bark gave a greater tar yield compared to

other wood fractions. The yield of identified tar from non-treated branches

showed the lowest (5.5 mg g−1-sample), whereas the yield of identified tar

from scCO2 extracted bark was the greatest (13.5 mg g−1-sample). In general,

the tar yields of non-treated wood fractions were lower than the tar yields

from pyrolysis of scCO2 extracted samples. This may also show that the

presence of resin or fatty acids in pinewood could decrease tar formation

during pyrolysis.
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Figure 7: Tar yields (mg g−1 on dry basis) of non-treated needles, bark and branches and

wood fractions after scCO2 extraction.

Moreover, greater yields of aromatic, naphthalenes, oxygenates and paraf-

fins were observed in tar from bark pyrolysis, whereas needles tar obtained

greater concentrations of phenolics, furans, nitrogen and sulfur containing

compounds compared to tars from pyrolysis of bark and branches. The tar

yields increased with the increased heat treatment temperature. In pyrol-

ysis of bark, the tar yields increased due to the greater yields of aromatic

compounds, whereas tar yields in pyrolysis of needles increased due to the

increase in concentration of naphthalenes.

3.4.3. Thermogravimetric analysis

Figure 8 shows differential weight loss curves (DTG) for the 40 % volume

fraction CO2 gasification of solid residues from pyrolysis.
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Figure 8: DTG curves of char from non-treated bark, needles and branches and scCO2

wood samples pyrolyzed at 900, 1000, and 1100◦C and further reacted in 20% volume

fraction CO2 + 80% volume fraction N2.
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The DTG curves show a single broad peak in CO2 gasification, indicating

a heterogeneous char mixture with respect to the composition and particle

size as suggested by Russell et al. [50]. The maximal reaction rates of chars

of non-treated and scCO2 bark and branches were similar at nearly 1065 and

1020◦C, whereas the maximum reaction rate of char from pyrolysis of scCO2

extracted needles at 900 and 1000◦C was about 100◦C greater than that of

char from non-treated needles. Moreover, the char of non-treated needles

from pyrolysis at 1100◦C was slightly less reactive than the char of scCO2

extracted needles.

3.4.4. Dielectric measurements

The relative dielectric constant ε′ and dielectric loss tangent tan δ of

non-treated original biomass, scCO2 treated wood fractions and chars are

shown in Figure 9. The dielectric constant smoothly decreased with fre-

quency. Therefore, the frequency-dependence behavior for all char samples

is largely in agreement with that for activated carbon and coal chars [32, 51].

The ε′ of char samples increased with the increased heat treatment tempera-

ture during pyrolysis. The dielectric properties of prepared chars were greater

compared to all raw biomass samples which could indicate that the carbon

structure in these chars have changed dramatically after pyrolysis. The loss

of moisture and oxygen-containing function groups in biomass skeleton could

lead to a greater C/O ratio that increased as the heat treatment tempera-

ture increased. The CO2 extraction of wood led to even higher C/O ratio

biomass to start with and hence higher dielectric properties were observed for

scCO2 treated chars compared to untreated ones at the same heat treatment

temperature. The results also indicate an increase in content and structure
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ordering of carbon in generated chars had occurred as the heat treatment

temperature increased, as reported by Alias et al. [52].
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Figure 9: Dielectric constant ε′ and dielectric loss tangent tan δ of non-treated original

biomass, scCO2 treated wood fractions and chars.

The heat treatment of biomass enhance the dielectric losses and there-

fore more heat is generated inside biomass char, indicating that biochar is a

microwave prone material [51]. Figure 9 shows that the tan δ values of chars

range from 0.4 to 1.6 at the maximum frequency and are greater than that
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of biomass due to the increase in a surface area and carbon content with the

heat treatment.

4. Discussion

The pyrolysis experiments showed that the differences in wood fraction

composition exerted greater influence on the yields and composition of py-

rolysis products, dielectric properties and intrinsic reactivity of char samples

than heat treatment temperature or supercritical extraction. The yields of

char and liquid products were similar during pyrolysis of non-treated wood

fractions and samples after scCO2 extraction. The high-ash containing nee-

dles are rich in calcium, potassium, and phosphorus. The high level of alkali

metals in biomass catalyzes the conversion of bridges into char, promoting

faster devolatilization rates and surpressing tar formation, leading to greater

char yields [53, 54]. Thus, based on ash content alone it might be expected

that the liquid product yield is greater than during pyrolysis of bark and

branches. However, pyrolysis of low ash-containing bark showed a greater

char yield and formed less liquid products than during pyrolysis of needles.

This is due to the greater lignin content (46.5 wt. %, db) in bark compared

to other wood fractions (27 to 29 wt. %, db). In addition, the lower extrac-

tives content in branches (8 wt.%, db) than in needles (12 wt.%, db) led to

formation of less liquid products.

The results of this study showed that the scCO2 extraction had also less

influence on the density, particle size and shape of wood fractions. An innova-

tive approach was developed to characterize the biomass porosity and density

using XµCT technique. The 3D imaging analysis using XµCT technique and
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mercury intrusion porosimetry showed that the non-treated wood fractions

are less porous than samples after scCO2 extraction. In general, all wood

fractions contain more macropores than micro- and mesopores ranging from

90 to 97 %. Lignin mainly contributes to the porosity of biochars and acti-

vated carbons [55]. Bark particles showed a greater micro-/mesoporosity and

lower macroporosity than needles and branches particles. This is due to the

greater lignin content in bark fraction with the more porous surface structure

than other lignocellulosic compounds [56]. The differences in surface prop-

erties and distribution of lignocellulosic compounds in wood fractions could

also lead to greater extractives yields during scCO2 extraction of needles,

confirming the previous results of Backlund [57]. The greater yields of resin

acids, steroids and terpenes were found in scCO2 extracted needles due to the

greater porosity, larger average pore size and less fibrous structure compared

to other wood fractions. The differences in lignocellulosic composition had

also a strong impact on the yield and composition of tar during pyrolysis.

The high yields of naphthalene, PAHs, phenolic and aromatic compounds

were observed in liquid products from bark pyrolysis which were attributed

to greater lignin content compared to other wood fractions. The low lignin-

containing needles and branches formed less PAHs and aromatic compounds

during pyrolysis, confirming the previous results of Yu et al. [58]. Interest-

ingly, greater yields of naphthalene were found in tar of needles that has

greater content of extractives compared to other wood fractions. The heat

treatment temperature and scCO2 extraction had a significant impact on the

tar yields, leading to the increase in naphthalene, PAHs, aromatic and phe-

nolic fractions with the greater temperature. The increase in heat treatment
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temperature led to the increase in hydrogen concentration that promotes

the hydrocracking process of tar fragments into smaller tar molecules and

methane and thus, more naphthalene is formed [59]. The overall effect of

scCO2 extraction on the physical properties of wood is negligible. However,

the isolation of waxes and terpenes by scCO2 extraction can lead to changes

in the allocation of remaining extractives and other lignocellulosic compounds

in the wood cell wall and thus, enhance the release of tar compounds dur-

ing pyrolysis of extracted wood fraction [60]. The isolation of extractives by

scCO2 extraction could also lead to the allocation of alkali metals in the

wood cell wall and formation of greater concentrations of water-soluble alkali

during pyrolysis [61]. The present results showed that the alkali compounds

increased the reactivity of needle char generated at temperatures < 1100◦C.

The extractives content in the original wood and yield of extractives after

Soxhlet pre-treatment was greater in needles compared to other wood frac-

tions. Therefore, the effect of scCO2 extraction on the allocation of alkali

metal and lignocellulosic compounds was greater in needles extraction com-

pared to that of other wood fractions. Overall, the scCO2 extraction had

also an impact on the dielectric properties of wood char. In general, the ε′

values of wood chars varied from 8 to 25, approaching dielectric properties of

activated carbons (20-40) [62]. The increase in heat treatment temperature

led to the formation of more ordered carbon in char structure [25]. Breaking

of aliphatic hydrocarbon groups and formation of large polyaromatic struc-

tures result in stacking of aromatic carbon rings in char samples [63]. Thus,

conduction losses would be experienced in chars due to the π-electron conju-

gation within the ordered carbon domains which experience higher dielectric
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properties. Stronger carbon-carbon π-bonds could be formed between com-

pressed polyaromatic carbon layers at high temperatures, whereas the π-bond

localized electron in turbostratic char structure contributes to dielectric per-

mittivity through the high polarization [64, 65]. The results indicate that

bark char was more dipolar than needles and branches char obtained from

pyrolysis at 1100◦C. This is due the greater lignin content in original bark

compared to other wood fractions, as reported by Ben et al. [66]. The hy-

droxyl groups are strongly polarized with high hydrophilic properties. The

high content of non-polar groups in lignin fibers and polar groups in pinewood

bark results in the dipole formation and thus, better dielectric properties of

bark char. Moreover, the alkali rich needles and branches could decrease

the orientation of polarization in the carbonaceous char matrix and thus, de-

crease the dielectric constants of needles and branches char samples [67]. The

dielectric constants of scCO2 treated char samples were slightly greater than

that of char samples from non-treated biomass. The differences in the dielec-

tric properties of chars from non-treated biomass and scCO2 extracted wood

fractions were related to the differences either in density of original wood,

stacking of aromatic rings in the char, type of oxygen functional group (i.e.

OH, CHO, ether, COOH) or moisture content, consistent with the previ-

ous results of Ramasamy et al. [68]. The scCO2 extracted wood fractions

are more dense than the non-treated pinewood and thus, more polar groups

can accompany dielectric polarization, improving the dielectric properties of

original wood and chars [69].

Importantly from a technological standpoint, the scCO2 extraction does

not have any negative impact on the biochar properties. The present results
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clearly demonstrate that high heat treatment temperature and high lignin

content in biomass improve the dielectric properties of biochar and increase

the char graphitization approaching the properties of fossil-based metallur-

gical coke [70]. Moreover, the alkali compounds have a negligible influence

on the CO2 reactivity of mostly all biochar samples which will reduce the

electric power required for smelting [71].

5. Conclusion

Different pinewood fractions were converted into renewable biochar by

pyrolysis treatment. The novelty of this work relies on the fact that the

high heat treatment temperatures and high lignin content in biomass im-

prove the dielectric properties and increase graphitization of biochar. The

pretreatment using scCO2 extraction of wood allows to extract more than

half of value-added compounds without any significant influence on the phys-

ical properties of original wood and on the yield of solid biochars. However,

the presence of extractives in original pinewood showed properties which de-

crease the formation of tar during slow pyrolysis. Under properly selected

treatment conditions (e.g. > 1100◦C), biochars can be produced from a

mixture of different low quality wood fractions with reactivity and dielectric

properties approaching that of fossil-based metallurgical coke and with the

low content of liquid products, including naphthalene, PAHs, aromatic and

phenolic fractions. The finding of this study emphasizes the potential use

of biocarbon-based reductants in the ferroalloy industries, with concomitant

reduction in CO2 emissions.

32

159



Acknowledgements

The authors gratefully acknowledge financial support from FORMAS

(CETEX project), Kempe Foundation, Björn Wahlströms, and Jernkontoret
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Abstract

This study investigates the effect of heat treatment temperature on the prop-

erties of charcoal composite pellets used for the reduction of ferroalloys. The

heavy molecular fraction of biooil was used as a binder for the charcoal ore

pellet preparation. The effect of heat treatment temperature on the pellet

shrinkage was related to the degree of reduction that varied among feedstocks

and ore composition. The devolatilization of a binding agent resulted in an

increase of charcoal inner pore volume, whereas biooil formed a solidified

carbonaceous structure between the charcoal particles and thus, increased

the pellet mechanical strength. In addition, the results showed that the size
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and shape of charcoal pellets were not affected by the biooil devolatilization.

Manganese composite pellets were characterized by the loss of mechanical

stability during pyrolysis, whereas the structure and composition of silica

composite pellets remained unaffected by heat treatment temperatures <

1650◦C. The findings of this work show the potential use of biooil as a binder

for the charcoal composite pellet use in ferroalloy industries. The composite

pellets are suitable to pre-reduce the manganese-ore in low temperature zones

of an industrial furnace, and the charcoal pellets can be used as an alterna-

tive bed material. However, the CO2 high reactivity may create challenges

during the direct replacement of metallurgical coke with the bio-reductants.

Keywords:

1. Introduction

Metallurgy is one of the most energy intensive industries, which is re-

sponsible for about 10 % of the global anthropogenic CO2 emissions [1, 2].

The use of biomass and its derivatives as CO2 neutral reduction agents in

metallurgical processes can be a possible solution to decrease emissions. One

of the challenges to use charcoal in metallurgical processes is related to the

fragility and generation of large amounts of fine particles during transporta-

tion and storage. The mechanical strength of charcoal can be improved

through pelletization or briquetting [3, 4]. In ferroalloy industries, manganese

ore pellets must be sintered at higher temperatures to provide a mechanical

stability that is similar to that of iron ore pellets [5]. The addition of wood

dust and dolomite is known to increase the required sintering temperature

of the ore pellets and thus, broadly used in iron and manganse alloy produc-
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tion [4–7]. The use of pellets from charcoal-ore blends is known to reduce the

electricity demand and increase the yield of elemental manganese [8]. The

metallurgical production nowadays is based on the use of fossil-based fuels

because the use of charcoal-ore pellets in the reduction process can increase

the overall power consumption by 72-152 kWh per tonne FeMn and will in-

crease the cost of a reduction process [7].

The properties of charcoal pellets can be affected by the feedstock, parti-

cle size and pelletization process. A constant pellet size improves the porosity

of shrinking pellet during the heat treatment leading to the stable operation

of a furnace [9]. The high porosity of a charcoal pellet affects the mechanical

strength and degree of pre-reduction, whereas the shape factor and size of a

carbonaceous pellet have a strong influence on the segregation and gas perme-

ability during the ore reduction [7]. The early stages of the reduction process

depend on the mass transfer between the solid carbon and metal oxide [10].

Thus, small carbon charge results in a high pre-reduction of ore metals and

decreased heat treatment temperature, which might also affect the tempera-

ture in a coke bed [7, 11]. In addition, fine charcoal particles can lead to a poor

gas permeability in the burden. Similar problems can occur when the melt-

ing temperature is below the reduction temperature and no contact between

the molten metal-oxide and the coke bed exists [6]. Moreover, the melting

temperature of minerals can affect furnace temperature zones [7], whereas

an increased content of acid oxides can decrease the melting temperature of

ore metals [12]. The charcoal composition can also affect the ore reduction,

whereas an optimum carbon level for the direct reduction of iron ore com-

posite pellets is required to be below the stoichiometric amount of carbon

3

174



required for the reduction [13]. Charcoal pellets with the high carbon content

could lead to the high volatile matter release, resulting in an increased poros-

ity and formation of cracks during material reduction [13, 14]. In addition,

the low mechanical stability, high reactivity and shrinkage of charcoal par-

ticles might create challenges for the stable furnace operation [15, 16]. The

reduction of charcoal composite pellets results in a significant change of the

pellet properties and shape in ferroalloy industries [17, 18]. In previous stud-

ies, a dilatation of iron composite pellets was observed in the temperature

range from 900 to 1000◦C, whereas a shrinkage occurred in the temperature

range from 1100 to 1200◦C [19, 20]. In addition, the swelling of iron composite

pellets at temperatures below 1100◦C was correlated to the transition from

iron oxide to the elemental metal [3]. The volume of composite pellets can

also change due to the increase of temperature gradient that is affected by

exothermic and endothermic reactions in the pellet during reduction [3, 21].

However, literature data is scarce that describes the effect of charcoal prop-

erties and composition on resulting composite pellet properties that impact

metallurgical applications, adding uncertainty to the use of bio-reductants

as an approach to increase yields of manganese or silicon during reduction of

metal oxides.

In summary, renewable charcoal pellets have potential as environmen-

tally benign replacements to fossil-based composite pellets used in ferroalloys

production, but knowledge of relationships between operating conditions,

charcoal and binder composition and elemental metal yield is limited. In

this study, the impacts of charcoal composition on the density, thermal con-

ductivity and elemental metal yields during reduction in a high temperature
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furnace were investigated. The specific objectives of this study were to:

(1) understand the influence of reduction process on properties of charcoal

composite pellets and (2) determine the degree of charcoal composite pellet

reduction changing its properties to levels that are suitable for application

in ferroalloy industries.

2. Materials and methods

2.1. Raw biomass characterization

Norway spruce (Picea abies) and sessile oak (Quercus petraea) were cho-

sen for the charcoal composite pellet study. The age of the Norway spruce

was 39 years, whereas oak was 46 years. Feedstock selection was based on the

differences in ash composition and plant cell compounds (cellulose, hemicel-

lulose, lignin, extractives) of softwood and hardwood. Norway spruce is low

in ash and with lower potassium and calcium contents than oak, whereas

oak is low in lignin content. Both spruce and oak samples were chipped by

a disc chipper to 5-20 mm and dried at 60◦C before storage. Prior to the

wood characterization, biomass samples were divided into six equal fractions

using a riffler. A vibrating EFL2000 sieve shaker (ENDECOTTS, United

Kingdom) comprising ten sieves ranging from 2 to 20 mm in opening size

and a bottom pan (< 2 mm) was used (EN ISO 17827-2:2016) to determine

the particle size distribution.

2.2. Charcoal characterization

Charcoal samples from Norway spruce and sessile oak were generated

from woodchips in the slow pyrolysis reactor at 500, 700, 900, 1100 and
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1300◦C. The charcoal samples were crushed to a fine powder in a mortar

with a ceramic pestle and used for heating microscopy and thermogravimetric

analysis tests. Charcoal sample from Norway spruce produced at 900◦C was

chosen for the reduction in high temperature furnace. Biooil from the slow

pyrolysis experiments was chosen as the binding agent. Prior to pelletization,

the water fraction of biooil was removed by vacuum distillation (300 mbar and

80◦C) and the residue (tar) was used as a binder. A compact hot pellet press

(MTI Corporation, USA) was used, that consists of a metal cylinder with a

press channel, a backstop and a split furnace. Charcoal pellets were made

from charcoal particles, tar binder and water in the wt.% ratio of 60:30:10.

Composite pellets were prepared from the high pure manganese ore (Eramet

AS, Norway) and charcoal in the wt.% ratio of 66:34, whereas microsilica

particles (Elkem AS, Norway) were mixed with the charcoal in the wt.%

ratio of 50:50. Pellets with a diameter and height of 3 mm were pressed by

a manual pellet press tool (Hesse instruments, Germany). About 3 g of the

mixture was pressed at 130 MPa into pellets with a diameter of 12 mm and

a height of about 20 mm. Once the pellet was pressed, the backstop was

removed and the pellet was extruded from the steel die. The pellets were

dried at 30◦C overnight in a drying chamber and stored in sealed plastic

containers.

2.3. High-temperature furnace

The charcoal was treated in a vacuum induction furnace (max. 60 kW,

max. 10 kHz) with a chamber volume of 0.5 m3. The heating vessel con-

sists of a three-part crucible with an outer alumina crucible (outer diameter:

130 mm, inner diameter: 110 mm, height: 300 mm), a middle carbon crucible
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(outer diameter: 90 mm, inner diameter: 50 mm, height: 145 mm) and an

inner glass carbon crucible (outer diameter: 50 mm, inner diameter: 38 mm,

height: 125 mm), as shown previously [22]. The three-part crucible was po-

sitioned in an induction coil. The gap between the alumina crucible and the

carbon crucible was filled up with a carbon felt. A carbon felt disc (diameter:

110 mm, height: 30 mm) between the bottom of the alumina and carbon cru-

cibles was used for the high-temperature protection. The pellets were placed

in the glassy carbon crucible. The pellet temperature was measured by ther-

mocouples type S about 5 mm above each pellet. Prior to the experiment,

the chamber was evacuated and filled with argon. The chamber was contin-

uously purged by argon at a defined flow rate of 20 l min−1. The formation

of carbon monoxide was monitored by a gas emission analyser VARIO Luxx

(MRU, Germany). The sample was heated to 900◦C at a heating rate of

100◦C min−1 and further heated at 10◦C min−1 to 1650◦C and kept at that

temperature for 2 h. After the heating program was finished, the sample was

cooled to room temperature at a negative heating rate of 30◦C min−1 and

stored in sealed plastic containers.

2.4. Solid product analysis

2.4.1. Thermogravimetric analysis

The reactivity of the milled charcoal and charcoal pellets were analyzed

by exposing samples to a reactive gas consisting of 10, 20, 60 and 100 % vol-

ume fraction CO2 in a thermogravimetric instrument TGA/DSC 1 STARe

System (Mettler Toledo, USA). Nitrogen was used as the inert gas to reduce

the volume fraction of the CO2. In each experiment, 5 mg were loaded into

an Al2O3 crucible. The charcoal samples were firstly heated to 110◦C and
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kept for 30 min isothermally for drying. The dried samples were subsequently

heated to 1100◦C at a constant heating rate of 10◦C min−1 and kept at the

final temperature for 30 min. The reaction threshold is the temperature that

corresponds to the appearance of the sample mass decrease [23]. Simultane-

ous non-isothermal thermogravimetric measurements of charcoal were carried

out in N2 to determine the mass loss of incompletely reacted charcoal pellets.

2.4.2. Heating microscope

The silhouettes of charcoal pellets were investigated in inert atmosphere

using a heating microscope EM-201-17 (Hesse Instrument, Germany), as

shown in Figure 1.

N
2

1 2 3 4 5 6

Figure 1: Heating microscope includes the following parts: 1. Light source, 2.

Thermocouple type S, 3. Heating chamber, 4. Charcoal pellet sample, 5. Camera,

6. Computer.

Charcoal pellets with a diameter and height of 3 mm were used for the

experiments. The charcoal pellets with an edge length of 3 or 4 mm were

placed in a center of the sample plate above the tip of the thermocouple.

The heating chamber was continuously purged by nitrogen at a constant
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rate of 500 ml min−1, which was controlled by a flowmeter HFC-202 (Tele-

dyne, USA). The samples were heated to 500◦C at a constant heating rate of

30◦C min−1 and further heated at a heating rate of 10◦C min−1 to the final

temperature, where the samples were kept for 30 min.

2.4.3. Electrical resistivity

Electrical conductivity measurements were performed using a 34470A 7

1/2 Digit Multimeter (Keysight Technologies, USA). The connection between

the four probes of the source meter and microelectrodes was established using

a socket. Two adjacent electrodes were connected to the voltmeter (Fluke,

USA), whereas the other two electrodes were connected to the current source

(ISO-Tech IPS 3303) (constant current) of the source meter, as it was re-

ported by Sun et al. [24]. A charcoal pellet was connected by four different

electrodes to the source meter based on the van der Pauw electrode geome-

try [25]. The electrical conductivity was determined according to equation 1:

σ =
L

R · A (1)

In equation 1, σ is the electrical conductivity, A is the cross-sectional area, L

is the length of the resistor, and R is the resistance between Ti-Au electrodes.

2.4.4. Microscopy

The surface properties of charcoal composite pellets were investigated us-

ing a digital microscope VHX-500F (Keyence, Germany), whereas the cross-

sections of samples were analyzed using an optical microscope DM4000 M

LED (Leica, Germany). Prior to the analysis, the composite pellets were

embedded in the conductive polymer TechnovitR© 5000 (Kulzer Technik, Ger-

many). SEM/EDS analysis of the char was conducted on a high-resolution
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field emission microscope SU-70 (Hitachi, Japan) under high vacuum in or-

der to understand structural properties and composition of ferroalloys and

charcoal pellets. The elemental mapping was performed on four different

areas of interest for the manganese oxides and quartz charcoal pellets.

2.4.5. Thermodynamic calculations

Thermodynamic calculations were performed using the computational

package FactSage [26]. The commercial database FToxid combined with the

dataset FactPS for pure substances along with the new GTOX oxide database

(Research Center Juelich and GTT-Technologies, Germany) [27] combined

with the commercial database for pure substances (SGPS) were used for the

equilibrium calculations under defined conditions (chemical composition of

a system, temperature, pressure). All available phase relations were taken

into account by calculation: the Gibbs energy of a system is minimized in

order to find the equilibrium state. The results were obtained for equilibrium

conditions only, the possible kinetic effects are not considered.

2.5. X-ray diffraction

The crystalline constituents of charcoal and charcoal composite pellets

were characterized using an Empyrean X-ray diffractometer with a copper

tube, a quartz monochromator (CuKα1 radiation, λ = 1.54056 Å), using an

imaging strip covering 100◦ as a detector for 4 h. The diffractometer was

operated in transmission mode with the sample placed on tape in a thin

layer and placed on a rotating disc-holder. The phase analyses were done

in the Crystallographica Search-Match software (Version 3,1,0,0) and the

ICDD PDF4 database. The multiple phase fitting of the PXRD patterns
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and crystallite size analysis were carried out with the WINPOW Rietveld

software. The refined backgrounds have been subtracted in the displayed

PXRD patterns.

2.5.1. X-ray microtomography

The charcoal pellets were scanned using the HECTOR X-ray CT sys-

tem [28, 29] at the Ghent University Centre for X-ray Tomography (UGCT,

www.ugct.ugent.be). The HECTOR system was developed and built by

the Radiation Physics group of the UGCT in collaboration with TESCAN

XRE, (www.XRE.be, part of the TESCAN ORSAY HOLDING a.s.), for-

merly known as XRE, a UGCT spin-off company. More specifically, a Region

Of Interest (ROI) of an untreated and treated pellet before and after heat

treatment was scanned without subsampling, thus avoiding any artifacts due

to the sample manipulation. The X-ray tube voltage and tube power were

70 kV and 10 W, respectively. 2401 projections were collected, with an expo-

sure time of 1 s, over a sample rotation of 360◦, resulting in a total scan time

of 1 h. The volumes were reconstructed using the Octopus Reconstruction

software [30], licensed by XRE, and the spatial resolution in terms of approx-

imate voxel pitch was 3.5µm. The reconstructed pellet structure corresponds

to a cylinder with a diameter of 6.7 mm and a height of 5.9 mm. In order

to calculate the porosity within the pellet volume, segmentation was carried

out by thresholding using Otsu’s method as a first estimate but further fine-

tuned visually [31]. Image analysis was carried out using Octopus Analysis,

formerly known as Morpho+ [32], while the 3D visualizations were performed

with VGStudio MAX3.2 (Volume Graphics GmbH, Germany).
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3. Results and discussion

3.1. Biomass characterization

The ultimate and proximate analysis of oak and spruce was carried out

at Eurofins Lidköping and shown in Table 1.

Table 1: Proximate, ultimate and ash analyses of feedstocks.

Fuel Norway spruce Oak

Proximate analysis

Moisture, (wt. % as received) 8.6 7.6

Ash at 550 ◦C, (wt. % dry basis) 0.8 1.6

Volatiles, (wt. % dry basis) 80.6 82.6

Fixed carbon content (wt. % dry basis) 18.6 15.8

HHV, (MJ kg−1) 20.3 19.3

LHV, (MJ kg−1) 18.5 17.5

Ultimate analysis, (wt. %, dry basis)

C 53.2 50.6

H 6.1 6.1

N 0.1 0.2

S 0.06 0.02

Cl 0.04 0.02

Ash compositional analysis, (mg kg−1 on dry basis)

Al 40 20

Ca 2300 3600

Fe 200 50

K 800 1500

Mg 250 300

Na <50 <50

P 200 250

Si 550 550

Ti 50 50

The compositional analysis of biomass (cellulose, hemicellulose, acid-

soluble lignin, acid-insoluble lignin, and extractives) was conducted by Celig-
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nis Analytical according to NREL technical reports [33–35] and Thammasouk

et al. [36], and is shown in Table 2.

Table 2: Composition of Norway spruce and oak, calculated in percentage based

on dry basis (wt.%).

Biomass Cellulose Hemicellulose

Lignin

Extractivesacid in-

soluble

acid

soluble

Norway spruce 37.8 25 27.9 0.7 7.8

Oak 36.7 18.7 19.4 2.5 11

3.2. Product yields

The original spruce and oak charcoal pellets and charcoal composite pel-

lets from pyrolysis at temperatures ranging from 500 to 1300◦C were reacted

in a heating microscope in order to study the pellet behaviour at high temper-

atures. The mass losses from tests using heating microscopy were recorded at

1200◦C. In addition, the mass losses of manganese and quartz charcoal pel-

lets were determined in the high-temperature furnace at 1550 and 1650◦C,

as shown in Figure 2. The results showed that the mass loss from secondary

pyrolysis of both spruce and oak charcoal pellets decreased with increasing

primary pyrolysis temperature, from about 55 % for charcoal produced at

500◦C to 11 % for charcoal generated at 1300◦C. In general, the mass loss

of original charcoal pellets was greater than the mass loss of secondary heat

treated charcoal particles that decreased from about 22 % for charcoal pro-

duced at 500◦C to 6 % for charcoal generated at 1300◦C [22]. The greater

mass loss of charcoal pellets compared to the mass loss of original charcoal

particles was attributed to the high content of binder and water in a pellet.
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Figure 2: Charcoal pellet yields (%) from pyrolysis in a heating microscope and high-

temperature furnace.

In addition, the pellet from charcoal produced at 1300◦C showed the

greatest solid yield, indicating the enhanced coke formation from reacting

biooil in a charcoal matrix. This was related to the increase in porosity of

charcoal that was caused by the progressive removal of volatiles from pores,

and the physical and chemical condensation of the remaining skeletal char-

coal structure with increasing heat treatment temperature [37, 38]. Thus,

the charcoal particles with the greater porosity had a stronger tendency to

trap reacting biooil in voids than the charcoal produced at heat treatment

temperatures below 1300◦C, confirming previous results of Veksha et al. [39].

The solid pellet yields of composite pellets remained similar for the char-

coal produced at 500, 900 and 1300◦C, indicating a competition between
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devolatilization and reduction reactions. In addition, the solid yields of com-

posite pellets were lower than the solid yields of original charcoal pellets. This

is also probably due to competing reduction and devolatilization reactions in

pyrolysis of charcoal composite pellets [40].

3.3. Gas evolution

The gas evolution of composite pellets is shown in Figure 3.
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Figure 3: CO evolution of manganese and quartz charcoal pellets during pyrolysis.

The gas evolution at temperatures below 1000◦C was related to the

biooil devolatilization and decomposition. The CO formation in pyrolysis of

manganese charcoal pellets was observed at 1020◦C with the maximum yield
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at 1480◦C, confirming previous results of Tangstad et al. [7, 41]. The melting

point of manganese oxides increased with the decreased oxidation state of

manganese in the temperature range from 535◦C (MnO2) to 1945◦C (MnO),

whereas the elemental manganese has a melting point of 1246◦C [42]. Thus,

the high oxidation states of manganese can melt and faster react with the

carbonaceous matrix of charcoal than the low manganese oxidation states

during the reduction. The CO formation during reduction of quartz charcoal

pellets began at 1330◦C with the maximum yield at 1580◦C. In the present

study, the temperature for the maximum CO yield was 100◦C lower than

temperatures reported in previous studies [43]. The decrease in temperature

required for the maximum CO formation during charcoal pellet conversion

into the elemental metals emphasize a key role of feedstock on the reduction

of ferroalloys.

3.4. Charcoal pellet reactivity

Figure 4 shows the differential weight loss curves for the 100 % volume

fraction CO2 gasification of spruce and oak charcoal pellets with a diameter

of 3 mm. The DTG curves show a double peak in CO2 gasification, indicating

a heterogeneous char mixture with respect to the composition that leads to

the differences in reactivity of two constituents with less reactive carbon

structure. The maximal reaction rates of spruce charcoal pellets varied from

950 to 1010◦C. The maximum reaction rate of oak charcoal pellets ranged

from 930 to 1010◦C, indicating a minor effect of feedstock origin on the char

reactivity. The maximum reaction rates of spruce and oak charcoal pellets

reacted at 1300◦C were the highest and nearly identical.
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4(a): Spruce pellets
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4(b): Oak pellets

Figure 4: DTG curves of charcoal pellets generated from (a) spruce and (b) oak and

reacted in 100% volume fraction CO2.

In general, the maximum reaction rates of charcoal pellets were similar

to the reaction rates of secondary heat treated biooil-charcoal blends from

previous studies [22]. The results show that differences in heat treatment

temperature have more influence on charcoal reactivity than the feedstock

composition. Moreover, the present results indicated that the gas perme-

ability between the charcoal particles was not affected by pelletizing process

and addition of biooil as a binder. The devolatilization of water and light

molecular compounds in biooil might increase the porosity inside the pellets

approching the porosity of bulk charcoal material that was confirmed by the

optical microscopy below.

3.5. Electrical resistivity

The electrical resistivity of charcoal composite pellets was studied af-

ter compression, drying and secondary heat treatment (SHT) in the high

temperature furnace. The results were summarized in Table 3.
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Table 3: Electrical resistivity of manganese oxide or quartz charcoal pellets.

After pressing After drying After SHT

Material Ωm σ Ωm σ Ωm σ

MnO charcoal pellet 1.7 0.4 1.1 0.26 0.34 0.1

Quartz charcoal pellet 0.38 0.035 1.1 0.44 0.44 0.13

The electrical resistivity of manganese oxide charcoal pellets decreased

from 1.7 to 0.35 Ωm, whereas the electrical resistivity of quartz charcoal pel-

lets remained unchanged (≈ 0.4 Ωm). In comparison, the electrical resistivity

of original charcoal pellets increased from 0.8 to 1.5 Ωm after the heat treat-

ment [22]. Howeover, the electrical conductivity of original charcoal particles

decreased from 1.5 to 0.01 Ωm in the temperature range from 700 to 900◦C

and kept nearly constant for the heat treatment up to 1300◦C, emphasizing

the importance of temperature in the range above 900◦C.

3.6. Pellet shrinkage

Figure 5 shows silhouette areas of original charcoal pellets from spruce

and oak and charcoal manganese oxide pellets using the heating microscope

at temperatures up to 1200◦C. The charcoal pellets were shrinking when

the primary pyrolysis temperature was surpassed. The distillation of biooil

resulted in a dilatation of oil and solid coke formation. Interestingly, no

swelling was observed on the surface of charcoal pellets in the boiling range.

The results indicated that the incomplete pyrolysis was progressing even

when the heat treatment temperature surpassed the final temperature of

primary pyrolysis. Moreover, the evaporation of light molecular species from

biooil had no influence on the particle size and shape of charcoal pellets.

18

189



200 400 600 800 1000 1200
0

20

40

60

80

100

S
ilh

o
ue

tt
es

 a
re

a
 / 

%

Temperature / °C

 500 °C
 700 °C
 900 °C
 1100 °C
 1300 °C

5(a): Original spruce pellets
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5(b): Original oak pellets

200 400 600 800 1000 1200
0

20

40

60

80

100

S
ilh

o
ue

tt
es

 a
re

a
 / 

%

Temperature / °C

 500 °C
 900 °C
 1300 °C

5(c): Spruce manganese oxide char-

coal pellet
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Figure 5: Percentage of silhouette area changes of original wood pellet and charcoal man-

ganese oxide pellets in nitrogen atmosphere using heating microscopy at temperatures up

to 1200◦C.

A dilatation of manganese oxide charcoal pellets was observed when

the sample reached the final temperature of 1200◦C. The pellets formed

whiskers at the outer surface when the temperature was increased to 1300◦C

and residence time of 30 min, as shown in the supplemental material (Fig-

ure S-4). The structural changes were not observed at temperatures greater

than 1300◦C during experiments in the high temperature furnace. Thus, the

present results showed that the manganese ore was reduced to the elemen-
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tal manganese and further reacted to manganese(II) nitride at temperatures

below 1300◦C, confirming the previous observations of Lyutaya et al. [44].

3.7. Thermodynamic calculations with FactSage

The equilibrium calculations of charcoal composite pellets were per-

formed to investigate the formation of slag phases. The thermodynamic

calculations showed that silicon carbides, silicon oxides, carbon and gas were

the dominating phases formed during quartz charcoal pellet reduction, as

shown in Figure 6. The manganese carbides were found along with silicates

in manganese composite pellets. The thermodynamic calculations showed

that liquid elemental manganese, manganese carbide (C3Mn7) and liquid

manganese oxides (MnO) were the dominating phases formed during pyroly-

sis of MnO containing charcoal pellets in the temperature range from 1200 to

1300◦C. The previous studies showed the formation of manganese carbides

in the temperature range from 800 to 1300◦C [45], whereas manganese ox-

ides and liquid oxides were formed at temperatures greater than 1200◦C [46].

The C6Mn23 compound was formed for MnO/C ratios greater than 1/1.3,

whereas C3Mn7 and carbon were formed during reduction with the larger

carbon excess ratios [47]. The equilibrium calculations showed that C3Mn7

can be formed at temperatures up to 1400◦C, whereas the dissociation of

manganese carbides into liquid manganese alloys and graphite can occur at

temperatures above 1300◦C through peritectic reactions [48]. The MnO/C

ratios lower than 1/1.3 provide sufficient amount of carbon that completely

reduces manganese alloys based on the XRD results from previous stud-

ies [48]. In the present study, the formation of manganese carbides during

reduction can be related to the slow cooling rate [49].
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Figure 6: Output results of FactSage calculation using GTOX database with the main

inorganic components of charcoal composite pellets with MnO or quartz particles after

heat treatment at 1650◦C. The following abbreviations were used MEO (blend of MnO,

FeO and CaO), LIOS (oxide melt), CBCC and CUB (manganese solid solution phases),

BCC (iron solid solution phase), SIOM (solid solution based on SiO2,tridymite), SIOH (solid

solution based on SiO2,cristobalite) and WOLL (wollastanite).
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3.8. X-ray diffraction

The XRD analysis of original spruce indicated the formation of crys-

talline pattern correlated to the cellulose structure, as shown in Figure 7.
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Figure 7: XRD measurements of original spruce, spruce charcoal pellet with MnO particles

or with quartz particles after heat treatment.

The broad reflections at 15, 22.5 and 35◦ show the development of a

crystalline phase, where the c axis of the crystal is parallel to the cellulose

chain axis [50]. The XRD results showed that charcoal pellets with MnO

particles exhibit reflections from graphitic carbon indicating the progress

in graphitization with the increasing heat treatment temperature. In addi-

tion, charcoal pellets with MnO particles contain reflections from orthorhom-
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bic manganese carbides (Mn5SiC and Mn7C3) and cubic manganese carbide

(Mn3AlC), whereas charcoal quartz pellets contain sharp and narrow reflec-

tions from silicon carbide [51, 52]. The formation of silicon carbides during

high-temperature pyrolysis of charcoal quartz pellets is related to the decom-

position of charcoal carbon on quartz particles [43].

3.9. Microscopy

The external surface structure of manganese charcoal pellet after reduc-

tion was studied using microscopy, as shown in Figure 8.

8(a): Bottom 8(b): Bottom zoom

8(c): Top 8(d): Side

Figure 8: Optical microscopy of manganese composite pellets at the bottom, at the top

and on side pellet locations.
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The structural changes of composite charcoal pellet after reduction were

investigated at the top, bottom and side locations. Figure 8(a) shows that

the porosity of manganese alloy particles increased after heat treatment. In

addition, Figure 8(b) shows the formation of a metal skeleton with the large

voids that probably contained manganese carbides due to the high amount of

carbon detected during SEM-EDS analysis. The original structure of charcoal

particles was only observed at locations where manganese oxide particles were

not incorporated, as shown in Figures 8(c)-8(d).

Figure 9: Cross section of the manganese charcoal pellet.

Figure 9 shows the cross section of manganese charcoal pellets. The high

temperature reduction of manganese oxides led to the formation of large

voids inside the particle, which were filled with the reacting charcoal mate-

rial. Moreover, Figure 9 indicates the formation of different liquefied metal

24

195



phases. The dissolution of the carbon into the metal slag was observed at the

boundary layer between slag and charcoal particles, as observed in the previ-

ous studies [53]. Figure 10 shows that the structure of quartz charcoal pellets

remained unchanged after the reduction at 1650◦C. The charcoal structure

can visually separated from the unreacted quartz particles. However, an addi-

tional solid carbon structure was formed inside the charcoal structure during

the reduction. This was related to the formation of silicon carbides during

the reduction. The previous studies showed that SiO gas could react with

the solid carbon at temperatures above 1512◦C according to reaction 2 [54].

SiO(g) + 2C = SiC(s) + CO(g) (2)

Figure 10: Optical microscopy of quartz charcoal pellets.

The additional layer of silicon carbides could block the pellet surface for
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the further consecutive reactions, resulting in a reduced formation of CO at

1650◦C [55].

The elemental composition of charcoal composite pellets is summarized

in the supplemental material (Table S-3). The mapping areas of the SEM-

EDS analysis were schematically shown in the supplemental material (Fig-

ure S-5 and Figure S-6). Results of elemental analysis using the SEM-EDS

technique showed that iron, aluminum and silicon were detected in the re-

duced manganese oxide charcoal pellet. The metal skeleton was embedded

into the carbonaceous charcoal matrix, whereas oxygen was mainly observed

in the charcoal enriched spots. Moreover, the high amounts of carbon and

manganese suggested that manganese oxides were reduced to manganese and

manganese carbides during high temperature treatment. The elemental anal-

ysis of reduced quartz charcoal pellets indicated that the composition re-

mained only slightly changed during the reduction due to the high oxygen

content in the charcoal particles. However, the high mass loss of quartz char-

coal pellets (47 %) indicated the decomposition of charcoal and biooil and the

reduction of quartz based on the results above 3.2.

3.10. X-ray microtomography

Figure 11 shows the 2D and 3D cross-sectional slices obtained from

XµCT measurements for non-treated and heat treated charcoal pellets. The

characteristic features of charcoal particles are observed for all scanned sam-

ples. The spatial resolution of 3.5µm is sufficient for observing most features

of the charcoal particles and binder, providing physically reasonable struc-

tural assessments. The XµCT images indicated that charcoal particles in

heat treated pellets were more porous than charcoal particles in untreated
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pellets. The greater level of voids, obtained with the pellet treatment than

in non-treated pellets reflects the greater porosity of treated charcoal pellets.

The increased porosity from 0.5 to 1.4 % with the temperature treatment

in the charcoal pellets was mostly related to the volatile release in the heat

treatment.

11(a): 2D projection of non-treated pellet 11(b): 2D projection of heat treated pellet

11(c): 3D projection of non-treated pellet 11(d): 3D projection of heat treated pellet

Figure 11: XµCT imaging analysis of non-treated and heat treated charcoal pellets.
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The XµCT images indicated that solid manganese oxide particles melt

and formed large voids during the reduction of charcoal composite pellets,

as shown in Figure 12.

12(a): 2D projection of raw Mn charcoal

pellet

12(b): 2D projection of heat treated Mn

charcoal pellet

12(c): 2D projection of raw SiO2 char-

coal pellet

12(d): 2D projection of heat treated SiO2

charcoal pellet

Figure 12: XµCT imaging analysis of raw and heat treated manganese or quartz

charcoal pellets.
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The low level of voids in the carbonaceous matrix of charcoal pellets

after reduction reflects the reaction of manganese oxide and organic charcoal

matter into the elemental manganese, manganese carbides, etc. In addition,

the increased porosity from 50.1 to 84.7 % in the manganese charcoal pellets

was mostly related to the transformation of manganese oxides to the ele-

mental manganese and released gaseous products during the reduction. The

XµCT images indicated that quartz particles in charcoal composite pellets

remained unchanged in terms of the shape and size, corresponding to the

optical microscopy results. In addition, quartz particles remained solid and

the border between quartz particles and charcoal matrix is visible indicating

less transformations during the quartz charcoal pellet reduction than during

the heat treatment of manganese charcoal pellets.

4. Conclusion

The novelty of this work relies on the fact that the solid yield, electri-

cal resistivity and conversion of ferroalloys to the elemental metals can be

improved by the addition of biooil as a binder to the charcoal composite

pellets. Softwood and hardwood were converted into renewable carbona-

ceous reductants using pyrolysis treatment. The experiments in the heating

microscope and high-temperature furnace showed that the solid yields were

greater during reduction of original charcoal pellets than during pyrolysis of

charcoal composite pellets. The addition of biooil increased the porosity of

charcoal composite pellets and thus, enhanced the gas permeability and com-

petition of devolatilization and reduction reactions in pyrolysis. Moreover,

the addition of biooil did not have any influence on the size and shape of a
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charcoal composite pellet, leading to the negligible changes in the pellet me-

chanical stability. The charcoal pellets obtained a similar reactivity to the

charcoal-biooil blends and thus, remained more reactive than fossil-based

coke. In addition, the biooil showed properties of a binder that increased

the electrical resistance of manganese charcoal pellets and did not influence

the electrical properties of quartz charcoal pellets. This indicates a major

effect of ferroalloy origin on the pellet electrochemical properties. The find-

ings of this study emphasize the potential use of biocarbon-based composite

pellets in the ferroalloy industry with concomitant improvement in charcoal

transportation and storage.
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Chapter 5

Summary discussion

Article I contains the results on pyrolysis product yields and composition of charcoal from

softwood and hardwood reacted in the temperature range from 500 to 1300 ◦C. In addition,

the effects of an additional or second heat treatment at 700, 1000, 1300 and 1600 ◦C and

biooil conditioning were studied. Articles II and III describe the properties of charcoal

samples which reacted at temperatures up to 2800 ◦C. In Article IV the influence of a

pretreatment, i.e. supercritical CO2 extraction on the product yields and composition was

discussed. Article V provides the results on physical properties of charcoal based pellets

and charcoal pelletilizing process using biooil as a binding agent and presents the results on

the characterization of charcoal composite pellets during the high-temperature reduction.

In the present chapter, the main findings, uncertainties, limitations and transferability

to the use of other biomaterials as CO2 neutral reductants are discussed and further

suggestions are made for the use of charcoal composite pellets in ferroalloy industries.

5.1 High temperature treatment

Renewable reductants have to fulfill the requirements of ferroalloy industries before they

can replace fossil coke. Knowledge of material inputs and reduction process parameters

is important because the product composition is highly affected by the time-temperature

history and feedstock origin. In the present study, the properties of charcoal from high-

temperature pyrolysis were investigated at a heating rate of 10 ◦C min−1. The effects

of heat treatment temperature and feedstock origin were discussed with respect to the

charcoal yield, fixed carbon yield and volatile matter content.

5.1.1 Primary heat treatment of wood

The use of charcoal as a CO2 neutral reductant in ferroalloy industries depends on such

properties as mechanical stability, reactivity and particle size. Metallurgical grade char-
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coal with a required carbon content ≥ 85 wt.% can be produced at temperatures greater

than 750 ◦C under slow heating pyrolysis conditions [1–3]. However, the volatile matter

content and reactivity of charcoal create challenges in the replacement of fossil coke. In

the present study, the charcoal yield from pyrolysis of spruce and oak decreased with the

increasing heat treatment temperature, from about 29 to 22 % for spruce and from 27 to

20 % for oak in the temperature range from 500 to 1300 ◦C. Likewise, the fixed carbon

yield decreased from 23.6 to 21 % and 21.7 to 17.9 % respectively for spruce and oak char-

coal in the same temperature range. The carbon content increased from about 83 to 93 %

for the produced spruce charcoal and from 79 to 89 % for oak charcoal, indicating the

removal of hydrogen and oxygen compounds. However, the volatile matter content at a

heat treatment temperature of 1300 ◦C was still about 5 wt.% or more than 3 times larger

than for metallurgical coke. The yields of biooil in pyrolysis of oak increased slightly

from 33 to 38 % in the temperature range from 500 to 900 ◦C and remained constant at

greater temperatures, whereas similar yields of biooil were observed during pyrolysis of

spruce. The water content in spruce biooil was 5 % points greater than the water content

in the biooil from oak pyrolysis under same conditions. The product yields of charcoal

and biooil were similar during pyrolysis of non-treated biomass and biomass after scCO2

extraction. Thus, the removal of value added components prior to the primary pyrolysis

can enhance the overall economics without negative affects on the biomass feed. High

level of alkali metals can promote faster devolatilisation rates, suppressing the formation

of biooil and catalyze the formation of char, leading to greater char yields [4, 5]. However,

the pyrolysis of spruce resulted in a greater charcoal yield than the pyrolysis of oak. Like-

wise, a greater charcoal yield was obtained during pyrolysis of low ash containing bark

compared to pyrolysis of needles and branches. The greater charcoal yield of spruce and

bark was attributed to the greater lignin content than in original oak. The lower content

of extractives in spruce (7.8 %) than in oak (11 %) led to the formation of less tar organic

products. A similar tendency was obsered for branches (8 wt.% extractable) and needles

(12 wt.% extractable). The results of this study showed that the biomass composition

had a minor influence on the product composition, whereas the influence of the ash can

be neglected.

5.1.2 Secondary heat treatment of charcoal

Charcoal pellets using biooil as a binder and the charcoal samples and were subjected

to a secondary heat treatment. The additional pyrolysis led to the further decrease in

a fixed carbon yield of both charcoal samples with the increased temperature from 700

to 1600 ◦C. The proximate analysis showed that the additional mass loss was mainly

caused by the release of remaining volatile matter, in which the carbon content of the





  

remaining charcoal was further increased. It was noted that the fixed carbon content of

both spruce and oak charcoal samples produced at temperatures above 700 ◦C increased

after the secondary heat treatment at 700 and 1000 ◦C, indicating a char stabilization

in the secondary heat treatment at lower temperatures. The carbon content of charcoal

increased with the increased temperature to 94 %, whereas the volatile matter decreased

to 2.5 wt.%. The properties of charcoal samples after secondary heat treatment were

similar to the charcoal properties from primary pyrolysis. The final solid yield after the

secondary heat treatment can be affected by differences in the lignocellulosic composition

of biomass, ash content and ash composition, primary heat treatment temperature and

secondary heat treatment temperature. The results showed that the total ash content of

spruce and oak samples from pyrolysis in the temperature range up to 1600 ◦C remained

unchanged. Only the total calcium content of charcoal decreased by 25 and 50 % during

pyrolysis of spruce and oak in the temperature range between 800 and 1200 ◦C. Thus, the

ash content does not have a significant influence on the charcoal yield and composition.

5.1.3 Biooil conditioning

Biooil was further treated using distillation, co-pyrolysis with wood and biooil-charcoal

blend distillation. The distillation of biooil to 450 ◦C resulted in a coke formation of

about 30 % of its organic fraction, corresponding to approximately 7 % points of the

biomass input. On the other hand, the co-pyrolysis of biooil and biooil-charcoal distillation

increased the charcoal yield by ≥ 4 % points constant at 700, 900 and 1100 ◦C, indicating a

catalytic effect of the solid matrix on the tar decomposition. The similar solid increase at

700, 900 and 1100 ◦C indicate that the no tar decomposition occurred in this temperature

range. The biooil analysis has shown that the feedstock had only minor influence on the

biooil composition. The carbon content after co-pyrolysis was increased by ≥ 2 % points

compared to primary pyrolysis, indicating that the formed coke consists mainly of carbon.

In addition, the volatile matter content of the charcoal was more than 2 % points lower

compared to the charcoal from primary heat treatment. The results indicate that the

composition of wood changed prior to the pyrolysis process. Pyrolytic acids in the biooil

can be used to remove alkali and alkaline earth metals from biomass, in which an increased

production of anhydrosugars was reported [6, 7]. The mineral matter of the original

biomass can catalyze primary and secondary pyrolysis reactions, such as dehydration and

char forming reactions [8–10]. The increased sugars and sugar derivatives are formed

at the cost of carbonyls and phenolic compounds after the acid leaching [7]. However,

a similar coke formation was obtained for post-distillation of the biooil-charcoal blend.

Thus, some coke forming precursors can be stabilized before repolymerization. Wu et al.

reported that the coke formation of acid-treated biooil in alcohol is lower compared to





       

water [11]. No clear correlation between the removal of mineral matter and the formation

of sugars and sugar derivatives by leaching was found in literature [7]. In this thesis,

the distillation of biooil-charcoal blends resulted in a 1-2 % points greater volatile matter

content than in co-pyrolysis of biooil and biomass. The carbon content of the solid product

was slightly lower than for the biooil co-pyrolysis, indicating a larger fraction of hydrogen

und oxygen groups in the repolymerized charcoal matrix. Thus, the co-pyrolysis of biooil

and biomass results in a predominance of secondary reactions and the formation of more

cross-linked charcoal fractions compared to the biooil-charcoal distillation. However, both

biooil conditioning processes led to the formation of an additional carbon layer on the

charcoal surface, confirming the results of Elkasabi et al. [12]. In summary, the post

distillation enables the usage of biooil as a binding agent in pellet production.

5.2 Morphology and nanostructure

The morphology and nanostructure of charcoal can affect the reactivity, electrical re-

sistivity and gas permeability. The nanostructure and CO2 reactivity of charcoal are

interrelated properties. The present results showed that the nanostructure of charcoal

samples was strongly affected by the heat treatment temperature of primary and sec-

ondary heat treatment. The porosity of both oak and spruce charcoal samples increased

with the increasing heat treatment temperature in the temperature range from 300 to

700 ◦C [13]. The charcoal porosity at greater temperatures slightly varied among spruce

and oak samples. Spruce charcoal was less micro- and mesoporous compared to oak char-

coal, indicating a strong influence of the wood species on the porosity. The specific surface

area of spruce and oak charcoal at 800 ◦C was 9 and 8 times respectively larger than the

charcoal produced at 1600 ◦C. The charcoal samples produced at temperatures ≤ 1600 ◦C

exhibited shorter graphene layers and less crystalline structure than in coal chars, indi-

cating a larger fraction of amorphous carbon compared to coal chars [14]. The oak and

spruce charcoal samples heat treated at 1600 ◦C showed differences in the nanostructure,

whereas the oak charcoal was more graphitic. Thus, oak graphene layers were straight

and long compared to spruce. This is due to the catalytic effect of alkali metals on the

devolatilisation reactions of charcoal at high temperatures (1000-1600 ◦C) [15, 16]. Oak

charcoal exhibited a nanostructure similar to glassy carbon [17] with the graphene layers

which have a similar interplanar distance to graphite. However, the charcoal produced in

the temperature range from 1000 to 1600 ◦C mostly consisted of non-graphitizing carbons

[18–20]. The spruce charcoal exibited a heterogeneous structure of amorphous carbon and

nano-crystalline graphite. The lower oxygen content in oak charcoal enhanced the coales-

cence of crystallites and led to a higher degree of graphitization [21]. Oxygen containing





  

functional groups in the charcoal were located at the edges of aromatic layers which can

hinder the alignment of graphene layers during the heat treatment [20]. This thesis showed

that the graphitization of all charcoal samples increased significantly with the increased

heat treatment temperature. Charcoal samples from pyrolysis at 1300 and 1600 ◦C mostly

contained amorphous carbon with a minor presence of nano-crystalline graphite. The

structure resembled carbon black based on the results of Raman spectroscopy. At heat

treatment temperatures of 2400 and 2800 ◦C the mean separation distance of graphene

segments was similar to graphite (0.335 nm), indicating the importance of very high heat

treatment temperatures for the graphitization of carbon. However, the nanostructure of

alfalfa straw charcoal heat treated at 2800 ◦C was less graphitic and more porous than

woody charcoal. In addition, charcoal samples from wood contained more than 100 layers

of straight graphene segments, whereas only 30 to 50 layers were obtained for the alfalfa

straw charcoal. The long and straight graphene layers of alfalfa charcoal suggest that

an increase in heat treatment temperature can result in a further graphitization and for-

mation of additional graphene segments. The high heat treatment temperatures led to

the formation of a graphitized carbon structures in comparison to the carbon structure

proposed by Franklin [18].

5.3 Charcoal pellets

Spruce charcoal was mixed with biooil and manganese ore or silica respectively to pro-

duce charcoal composite pellets. Charcoal pellets and charcoal composite pellets were

investigated to understand the effect of secondary heat treatment on the final properties,

i.e. mechanical stability, shape and reactivity. The water free fraction of biooil was used

as a binder in a charcoal pelletizing process. The heat treatment at 450 ◦C increased the

hardness of the pellet from 450 to 490 N, which was similar to that of alfalfa straw pellets

using hydrated lime as binder [22]. The biooil formed a coke structure between the char-

coal particles and increased the hardness and electrical resistivity of the charcoal pellet.

The latter increased from 0.8 to 1.5 Ωm after the secondary heat treatment, indicating

the loss of conductive components during evaporation. The electrical resistivity of char-

coal particles varied from 0.01 to 0.03 Ωm and was similar to that of metallurgical coke

(≤ 0.01 Ωm) [23]. This emphasizes the importance of charcoal pelletizing process with

the biooil to improve the electrical properties of charcoal pellets, respectively. Moreover,

this indicates that the heat treatment improves the mechanical strength and electrical

resistivity of charcoal pellets for the use in ferroalloy industries. The durability of char-

coal pellets decreased from 98.4 to 95.7 % after the secondary heat treatment, whereas

the standard requirements for the high quality wood pellet durability are ≥ 97.5 % [24].





       

Thus, the improvement of charcoal pellet durability using an additional binder or different

concentration of tar organic fraction was proposed for the further studies. The addition

of biooil as a binder increased the porosity of the charcoal pellets after the secondary heat

treatment, whereas devolatilisation of light biooil fraction enhanced the gas permeability

in the pellet. The CO2 reactivity of the charcoal pellet was similar to that of biooil-

charcoal blend distillation and thus, pelletizing with the biooil as a binder did not affect

the charcoal reactivity. However, the reactivity remained greater than that of fossil-based

coke. In addition, the enhanced gas permeability improved the mass transfer in charcoal

composite pellets, leading to an improved pre-reduction of manganese charcoal pellets.

The pellet size and shape remained constant for the heat treatment temperatures less

the primary pyrolysis temperature, emphasizing a dominating role of primary pyrolysis

temperatures in the minimization of pellet shrinkage effect. The addition of biooil had

less influence on the charcoal composite pellet size, leading to the negligible changes in

the mechanical stability. This indicated the potential of charcoal pellet use in ferroalloy

industries, whereas the pelletizing of charcoal with the biooil as a binder can improve the

charcoal properties for transportation and storage.

5.4 Charcoal reactivity

The CO2 reactivity of charcoal can be affected by differences in feedstock origin and pro-

cess conditions, such as ash composition, carbon chemistry, nanostructure, heat treatment

temperature and residence time. Based on the higher ash content, it might be expected

that oak charcoal should be more reactive than spruce charcoal. However, the reactivity

of both charcoal samples was similar and thus, the effect of ash content and composition

had only a minor effect on the reactivity under slow heating conditions (10 ◦C min−1).

The derivative thermogravimetry (DTG) curve of spruce charcoal showed a double peak

in CO2 gasification, whereas oak charcoal samples exhibited a triple peak after biooil

conditioning. The multi-peaks indicate the presence of a heterogeneous charcoal mixture

with respect to its composition. Spruce and oak charcoal from primary pyrolysis exhibited

a maximum reaction rate that varied from 800 to 1030 ◦C, whereas the maximum reac-

tion rate of spruce charcoal generated at 700 and 900 ◦C and oak charcoal generated from

700 to 1100 ◦C took place at about 960 ◦C. The results indicate that differences in the

heat treatment temperature have more influence on the charcoal reactivity than the wood

species. The distillation of the biooil-charcoal blend resulted in a shift to lower reaction

temperatures. The same trend was observed for charcoal pellets, indicating an increase

in CO2 gasification reactivity after the distillation of biooil with the charcoal. This might

be due to the cross-linking of hydroxyl groups with carbonyls, increasing the molecular





  

weight of the residue [25]. In comparison, the maximum reaction rate of both charcoal

samples from co-pyrolysis of biomass and biooil resulted in a shift to greater temperatures,

indicating the decrease in CO2 gasification reactivity. However, both biooil conditioning

routes showed only a small influence on the CO2 reactivity, confirming the results of Vek-

sha et al. [26]. The maximum reaction rate of charcoal samples produced at 500 ◦C was

shifted by about 60 ◦C to greater temperatures by the secondary heat treatment at 1000,

1300 and 1600 ◦C. This indicates a consecutive pyrolysis of the original charcoal structure

in the secondary heat treatment. However, it was observed that the CO2 reactivity of

charcoal samples pyrolyzed at ≥ 700 ◦C remained nearly unchanged after the secondary

heat treatment. The additional heat treatment at temperatures > 1000 ◦C affected the

reactivity of charcoal samples less than the co-pyrolysis and biooil distillation. However,

the maximum reaction rate from primary pyrolysis samples at 1300 ◦C was shifted to

about 40 ◦C lower temperatures after the secondary heat treatment at 1300 and 1600 ◦C.

Spruce charcoal from pyrolysis at 800 ◦C was four times more reactive than charcoal from

pyrolysis at 1600 ◦C, whereas the specific surface area of charcoal at 1600 ◦C was 9 times

smaller. Oak charcoal generated at 800 ◦C was two times more reactive with an eight

times greater surface area compared to charcoal prepared at 1600 ◦C. This indicates that

the influence of the surface area on the CO2 reactivity is small. Spruce and pinewood

charcoal generated at 1600 ◦C were about 40 and 60 times respectively more reactive than

metallurgical coke. The co-pyrolysis of biooil with pinewood charcoal at 1600 ◦C can lead

to the formation of less reactive charcoal by the to the formation of carbon deposits on

the charcoal matrix during pyrolysis [27, 28]. However, this charcoal was still about 15

times more reactive than metallurgical coke. The thermal decomposition of the biooil can

generate radicals that penetrate into the charcoal structure and promote the formation of

small ring structures that later transform into larger PAH compounds [29, 30]. The PAH

compounds can decrease the CO2 reactivity[31]. The overall reaction rates of charcoal

samples from the secondary heat treatment at 2400 and 2800 ◦C were of the same order

of magnitude and similar to metallurgical coke. This result clearly demonstrates that

the heat treatment temperature becomes the dominating factor governing CO2 reactivity

when the secondary heat treatment is conducted at temperatures greater than 2400 ◦C.

This emphasizes that the heat treatment temperature is the most important parameter

for the charcoal to approach the CO2 reactivity of metallurgical coke.
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Chapter 6

Conclusion

Biomass pyrolysis at high heat treatment temperatures and slow heating rates was in-

vestigated in a laboratory scale reactor and pilot plant high-temperature furnaces. The

effects of wood origin and process parameters on the pyrolysis product yields, structure,

morphology of charcoal and CO2 reactivity of charcoal-based pellets were investigated

for the use of renewable reducing agents in ferroalloy industries. Such operating parame-

ters as the primary heat treatment temperature (500-1300 ◦C), secondary heat treatment

temperature (700-2800 ◦C), biooil conditioning (recycling and distillation) and CO2 con-

centration (10-100 vol.%) were varied in the present study. The wood species (Norway

spruce and sessil oak) were used as local fuels, whereas beechwood, pinewood, wheat straw

and alfalfa straw were supplied from Sweden and Denmark.

The results showed that the charcoal yield decreased with increasing temperature from

29 to 22 % and 27 to 20 % for spruce and oak in the temperature range from 500 to

1300 ◦C, whereas the fixed carbon yield of charcoal was nearly constant at primary heat

treatment temperatures up to 900 ◦C. However, the heat treatment temperatures greater

than 900 ◦C led to the further decrease in the fixed carbon yield. Likewise, the carbon

content increased with increasing heat treatment temperature, indicating the removal of

oxygen and hydrogen containing species. Spruce charcoal showed a greater fixed carbon

yield than oak charcoal, due to the higher carbon content in original spruce. However,

the spruce charcoal exhibited a greater oxygen content, whereas the ash content of oak

charcoal was twice greater than that of spruce charcoal. The biooil yield in pyrolysis of

oak increased slightly in the temperature range from 500 to 900 ◦C and remained constant

at higher temperatures, whereas the biooil content of spruce was almost similar for the py-

rolysis temperatures above 500 ◦C. However, the water content of spruce biooil was about

5 % points greater compared to oak pyrolysis. The secondary heat treatment of charcoal

samples further decreased the charcoal yield by the partial removal of volatiles and thus,

resulted in the carbon content increase. A volatile matter content of charcoal was similar
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to that of metallurgical coke due to the secondary heat treatment at 1600 ◦C, emphasizing

the importance of high heat treatment temperatures on the charcoal structure. However,

the fixed carbon yield decreased with increasing secondary heat treatment temperature

and thus, decreased the efficiency of the process. Biooil co-pyrolysis and charcoal-biooil

distillation increased the fixed carbon yield by about 4 % points at 700, 900 and 1100 ◦C,

indicating that the feedstock had no influence on the char forming product yields in the

biooil. However, the volatile matter increased by the post distillation more than by biooil

recycling. In addition, the pre-treatment of biomass by supercritical CO2 (scCO2) ex-

traction enabled the extraction of more than half of value-added compounds without any

significant influence on the charcoal yields.

The reactivity of charcoal samples was investigated in CO2 gasification. The results

showed that the heat treatment temperature and CO2 concentration affected the reac-

tivity more than the biooil conditioning, biomass origin, ash content and composition.

The threshold temperature in CO2 increased for both wood species irrespective of the

CO2 concentration from about 670 to 830 ◦C. A threshold temperature of charcoal was

similar to that of metallurgical coke (850 ◦C) when the wood species were reacted at

1300 ◦C. However, the CO2 reactivity of charcoal from pyrolysis at 1300 ◦C was greater

than reactivity of fossil reducing agents. The influence of heat treatment temperature on

the CO2 reactivity of charcoal was less pronounced during wood pyrolysis at tempera-

tures < 1600◦C, whereas the effect of CO2 concentration become more influencing. The

maximum reaction rate in non-steady experiments was shifted to greater temperatures

with increasing heat treatment temperatures, whereas the increasing CO2 concentrations

resulted in the shift to lower temperatures. However, the maximum reaction rate of char-

coal after the secondary heat treatment at 1300 and 1600 ◦C was shifted to temperatures

about 40 ◦C lower compared to the charcoals produced at 1300 ◦C in the primary pyrol-

ysis. It was shown that the reactivities of charcoal from pyrolysis at temperatures of

2400 to 2800 ◦C were similar to those of metallurgical coke, emphasizing the importance

of graphitizing temperatures on the reactivity and structure of charcoal. The maximum

reaction rate was shifted to lower temperatures after the charcoal-biooil blend distillation,

indicating an increase in CO2 gasification reactivity, whereas the co-pyrolysis of biomass

and biooil resulted in the opposite trend. The results indicate that high heat treatment

temperatures are essential for the achievement of metallurgical coke reactivity. The ash

composition influenced the charcoal reactivity less than the heat treatment temperature.

In general, the ash content of charcoal increased during pyrolysis, whereas the calcium

content decreased with increasing heat treatment temperature. The greater pyrolysis

temperatures resulted in the ordering of charcoal carbonaceous matrix. The oak charcoal

from pyrolysis at 1600◦C contained long and flat graphene layers and interplanar dis-





 

tances which were similar to graphite and thus, the oak charcoal was more ordered than

the spruce charcoal. The TEM analysis showed that charcoal had structural characteris-

tics of non-graphitizing carbon. Thus, increasing heat treatment temperature increased

the graphitization of charcoal structure, leading to the charcoal reactivity that is nearly

similar to that of low reactive metallurgical coke. The more ordered structure of charcoal

also affected its electrical properties. The electrical resistivity decreased with increas-

ing heat treatment temperatures. The electrical resistivity of charcoal from pyrolysis at

900 ◦C and ≥ 1300 ◦C decreased to 30 mΩm and 10 mΩm. Thus, the electrical resistivity

of both oak and spruce charcoal samples generated at high heat treatment temperatures

was similar to metallurgical coke. Likewise, the dielectric losses were enhanced with in-

creasing heat treatment temperature. In addition, greater electrical resistivity of charcoal

was achieved by pelletizing of charcoal particles using bioooil as a binder agent.

The separation of the water phase increased the organic fraction of the binder, resulting

in an increased density of charcoal based pellets. The ratio of 65:30 of charcoal to biotar

was used to produce pellets with acceptable mechanical properties. However, the dura-

bility of charcoal pellets decreased after the secondary heat treatment from 98 to 95 %,

whereas the hardness increased from 455 to 490 N. Thus, charcoal based pellets have a

mechanical stability similar to alfalfa straw pellets. By the second heat treatment the

biooil decomposed and formed a polycyclic aromatic coke structure between the charcoal

particles with similar properties to the charcoal. The reactivity of charcoal-based pellets

was similar to that of heat treated charcoal-biooil blend, indicating that pelleting does

not affect the reactivity towards CO2 due to the devolatilization of the light fraction in-

side the pellet. Charcoal based pellets provided a stable shape until the primary pyrolysis

temperature was surpassed. Thus, the devolatilization of light biooil components does not

cause a dilatation or contraction of the pellet, while the consecutive pyrolysis result in a

further shrinkage of the particles. Therefore, a high primary heat treatment temperature

is required for charcoal pellet and biocoke production.

Manganese ore composite pellets on the other hand exhibited a shrinkage at temperatures

above 1050 ◦C, in which the mechanical stability decreased by the reduction of manganese

oxide. Large internal void fractions were formed around the metal and slag by the high-

temperature pyrolysis. The short distance between the charcoal and the metal oxide

improve the mass transfer of CO and CO2 between the particles. In addition, the large

contact area enhances the dissolution of the carbon into the slag. Both effects increase

the value of renewable charcoal based pellets for the use in ferroalloy industries.

In summary, the heat treatment temperature had the greatest influence on the final pellet

yield, in which the pelleting with biooil showed the greatest influence on the electrical

resistivity at temperatures greater than 900 ◦C. The effect of heat treatment temperature





       

on charcoal particles was stronger at low and intermediate heat treatment temperatures

before the basic structural units reorganized and coalesced. The electrical resistivity of

particles from both charcoal samples was similar to metallurgical coke (10 mΩm) when a

heat treatment temperature of ≥ 1300 ◦C was applied. The electrical resistivity can be

increased to 500-1500 mΩm by pelleting the comminuted charcoal with biooil as a binder.

The production of charcoal based pellets with biooil as a binder showed great promise to

produce renewable reducing agents with a high resistivity and low CO2 reactivity.





Chapter 7

Suggestions for future work

In the present work, the results showed that biooil can be used as a binding agent and

the coke forming compounds in the biooil are suitable precursors for the production of

thermally stable charcoal-based pellets. Therefore, further studies on the optimization

of operating conditions for the production of biooil and charcoal-based pellets are rec-

ommended. In addition, the yield of biooil from biomass pyrolysis is low for the cost

efficient charcoal-based pellet production. In the present study, the mechanical and elec-

trical properties of charcoal from pyrolysis at 900 ◦C were investigated. However, in order

to understand the interactions of charcoal with biooil (liquid pyrolysis fraction) on the

industrial scale, a wider range of heat treatment temperatures and blending ratios must

be considered. This will give a new knowledge on the interaction of charcoal surface and

biooil properties. The biooil-charcoal blend may improve the wettability of the charcoal

surface. It was previously hypothesized that the coke forming compounds of the biooil

can stabilize the charcoal particles. Further studies on the determination of yields and

compositions of liquid and gaseous pyrolysis by-products may give a new knowledge on

the reactions of functional groups which affect biooil aging and coking.

The differences in CO2 reactivity were related to the structural changes of charcoal after

primary and secondary heat treatment. In order to understand the catalytic effect of

alkali metals on the CO2 reactivity of charcoal-based pellets, further studies on the high

ash containing feedstocks and waste materials are recommended. Charcoal leaching or

doping prior to pelletizing can be used to adjust the ash content and composition of the

final product. The precise description of the ash intrusion into the charcoal structure and

the chemical bonds are needed to describe the catalytic reactions. In the present study,

the lower bio-pitch yields from the charcoal-biooil distillation compared to the distillation

of pure biooil indicated the catalytic effect of alkali metals on the charcoal reactivity.

In addition, knowledge on the CO2 reactivity of biooil-charcoal blends remains limited.

Therefore, the characterization of charcoal surface using Nuclear Magnetic Resonance
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(NMR) spectroscopy and X-ray photoelectron spectroscopy (XPS) is required to under-

stand the structural changes of charcoal.

Finally, in the present work, the mechanical stability and electrical resistivity of charcoal-

based pellets were only analyzed at room temperature conditions. In the future investi-

gations, the properties of charcoal pellets should be studied at high temperatures. Due

to the reduction reactions in the manganese composite pellets, the results indicate that

the presence of carbon in these pellets can potentially inhibit the coke bed replacement.

However, the manganese charcoal-based pellets have also the potential to improve the

reduction of the manganese-oxide due to the high electrical resistance in the furnace.

Moreover, the properties of ore charcoal-based pellets are recommended to study at tem-

peratures which are relevant to the industrial furnaces. Finally, the kinetic model of slow

pyrolysis at high temperatures can be established to predict the yield and composition of

charcoal and other by-products. The implementation of secondary reactions taking place

in gas phase could improve the model accuracy. A wider range of experimental data can

be included in the model to improve the optimization tool for the prediction of reaction

kinetics.
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S-1. Methodology

S-1.1. Particle size distribution

The results are presented as a cumulative particle size distribution, based

on volume (Q3). The cumulative particle size distribution is described in EN

ISO 9276-1:1998, and is defined as

Q3(xMamin,m) =
m∑

i=1

q3(xMamin,i)∆xMamin,i, (1)

where q3 is the area of the histogram. The results of a particle size analysis

are also presented as a frequency distribution over xMamin, based on volume

(q3), so that

q3(xMamin) =
dQ3(xMamin)

dxMamin

. (2)

The characteristic diameters from sieving were defined based on three sizes

within the entire population: d10, d50, d90. The d50 value is the median

∗Corresponding author email: gerrit.surup@uia.no
∗∗Corresponding author email: anna.trubetskaya@nuigalway.ie
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particle size within the population, with 50 % of the population greater than

this size, and 50 % smaller than this size. Similarly, 10 % of the population

is smaller than the d10 size; while 90 % of the population is smaller than

the d90 size [1]. All measurements were conducted in triplicate to establish

repeatability which exceeded 95 % confidence intervals. The measurement

inaccuracy from sieving analysis was mainly caused by weighing errors.

S-2. Results

Figure S-1 shows a Van Krevelen plot of original spruce and oak samples

and their charcoals from co-pyrolysis with the recycled tar at temperatures

from 700 to 1100◦C and residual solid material after distillation of tar and

charcoal mixture. The results indicate that the oxygen and hydrogen con-

tent in all charcoal samples from co-pyrolysis with the recycled tar decreases

with the higher heat treatment temperature. The spruce charcoal after co-

pyrolysis with the recycled tar contained less carbon and more oxygen than

oak charcoal. The oxygen content in charcoal samples after co-pyrolysis and

distillation treatments remained greater than that of metallurgical coke.

2
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1(a): Co-pyrolysis of charcoal with recycled tar
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1(b): Distillation

Figure S-1: Van Krevelen plot of original spruce and oak samples and their charcoals

from co-pyrolysis with the recycled tar at temperatures from 700 to 1100◦C and

residual solid material after distillation of tar and charcoal mixture compared to

elemental composition of metallurgical coke and activated charcoal.
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Figure S-2 shows a Van Krevelen plot of spruce and oak charcoal samples

from additional heat treatment at 700, 1000, 1300 und 1600◦C. The car-

bon and oxygen content in spruce and oak charcoal samples decreases only

slightly with the additional heat treatment at 700◦C compared to the primary

charcoal, as shown in the main manuscript. It was observed that additional

pyrolysis of both samples at temperatures > 1000◦C leads to elemental com-

position of charcoal with more carbon and less hydrogen approaching that of

fossil-based metallurgical coke.
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2(a): Spruce charcoal
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Figure S-2: Van Krevelen plot of spruce and oak charcoals prepared at 500, 700,

900, 1100 and 1300◦C and additional heat treated at temperatures 700, 1000, 1300

und 1600◦C compared to elemental composition of metallurgical coke and activated

charcoal.
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S-2.1. Particle size characterization
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Figure S-3: Cumulative particle size distribution Q3 and particle size distribution

q3, based on volume, for original spruce and oak samples characterized by the

sieving.

S-2.2. Char reactivity

Figure S-4 shows differential weight loss curves (DTG) for the 100 %

volume fraction CO2 gasification of spruce and oak char samples from co-

pyrolysis and distillation treatments.
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Figure S-4: Repeatability of DTG curves of spruce and oak charcoal from co-

pyrolysis and distillation treatments reacted in 100% volume fraction CO2.

Figure S-5 shows differential weight loss curves (DTG) for the 100 % vol-

ume fraction CO2 gasification of spruce and oak char samples after additional

heat treatment at 1000, 1300, and 1600◦C.
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Figure S-5: DTG curves of original spruce and oak and their chars from additional

heat treatment at 1000, 1300, and 1600◦C reacted in 100% volume fraction CO2.
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S-3. Mass balances and CO2 reactivity

Table S-1: Product yield, proximate and ultimate analysis (db) and CO2 reactivity of

spruce and oak after primary heat treatment.

Spruce Oak

Heat treatment temperature (◦C) 500 700 900 1100 1300 500 700 900 1100 1300

Char yield, (gchar gbiomass
−1) 29.1 26.2 25.0 23.7 22.3 27.2 23.5 21.9 20.5 19.7

Proximate and ultimate analysis (wt.% dry basis)

Ash at 550◦C 1.92 2.10 2.01 2.22 2.20 4.60 5.59 6.25 6.42 4.96

Fixed carbon 80.5 88.0 89.3 91.0 93.2 78.5 84.0 84.0 86.5 89.2

Volatiles 17.6 9.65 8.4 6.6 4.4 16.9 10.5 9.7 7.0 5.7

C 82.8 84.9 88.7 92.3 92.9 80.7 88.4 88.1 88.6 90.6

H 2.88 1.10 0.84 0.49 0.16 2.79 1.07 0.46 0.17 0.16

N 0.33 0.32 0.51 0.27 0.34 0.81 0.58 0.50 0.90 0.78

O 12.7 11.6 7.92 4.73 4.4 11.1 9.91 6.75 3.91 3.54

Reactivity in 100% CO2

Threshold temperature (◦C) 670 700 719 751 829 667 677 724 777 822

Peak temperature (◦C) 964 969 983 1002 1011 953 974 969 968 1010

Reaction rate (% min−1) 10.3 11.0 11.8 15.1 17.0 14.5 17.5 17.2 22.0 28.4
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Table S-2: Product yield, proximate and ultimate analysis (db) and CO2 reactivity of

spruce and oak after co-pyrolysis with recirculated tar and distillation.

Recirculated tar Distillation

Heat treatment temperature (◦C) 700 900 1100 700 900 1100

Spruce charcoal

Char yield (gchar gbiomass
−1) 29.9 29.3 27.6 30.1 29.2 27.7

Proximate and ultimate analysis (wt.% dry basis)

Ash at 550◦C 3.24 2.83 2.57 2.65 2.09 2.57

Fixed carbon 92.0 93.2 93.1 88.9 91.6 92.6

Volatile matter 4.72 4.05 4.28 8.45 6.51 4.82

C 90.4 92.4 93.9 90.9 94.7 95.6

H 1.04 0.41 0.19 0.72 0.19 0.06

N 0.10 0.38 0.50 1.31 0.91 0.92

O 5.18 3.99 2.86 4.41 2.08 0.83

Reactivity in 100% CO2

Peak temperature (◦C) 984 998 1004 970 971 984

Reaction rate (% min−1) 11.3 11.8 18.3 8.78 9.97 10.86

Oak charcoal

Char yield (gchar gbiomass
−1) 29.0 27.9 25.6 29.1 28.3 26.9

Proximate and ultimate analysis (wt.% dry basis)

Ash at 550◦C 3.00 3.64 4.58 4.52 4.60 4.83

Fixed carbon 86.0 87.3 90.2 86.2 86.8 87.0

Volatile matter 6.19 4.54 4.58 9.24 7.97 7.37

C 91.3 92.1 94.7 86.7 90.1 93.4

H 1.04 0.42 0.20 1.09 0.86 0.28

N 0.71 1.28 1.64 0.79 0.64 1.00

O 3.93 2.58 0.48 6.93 3.58 0.39

Reactivity in 100% CO2

Peak temperature (◦C) 962 987 1008 941 936 962

Reaction rate (% min−1) 12.1 14.2 15.4 10.3 10. 13.8
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Table S-3: Product yield, proximate and ultimate analysis after secondary heat treatment

of spruce and oak charcoal at 700 and 1000◦C.

Spruce charcoal Oak charcoal

Primary heat treatment temperature (◦C) 500 700 900 1100 1300 500 700 900 1100 1300

Secondary heat treatment at 700◦C

Char yield (gchar gbiomass
−1) 24.7 25.3 24.3 23.5 22.0 24.6 23.8 22.9 21.5 20.2

Proximate and ultimate analysis (wt.% dry basis)

Ash at 550◦C 2.00 2.19 2.30 2.30 2.38 5.02 5.05 4.90 4.42 4.78

Fixed carbon 92.2 93.6 94.2 94.1 95.0 90.2 90.3 92.3 92.6 92.5

Volatile matter 5.75 4.19 3.50 3.60 2.57 4.81 4.69 2.85 3.01 2.71

C 90.1 90.3 92.3 92.0 94.2 85.8 86.5 90.4 89.6 90.8

H 1.02 1.01 0.52 0.24 0.07 1.10 1.06 0.65 0.30 0.06

N 2.27 0.93 1.86 2.32 0.89 1.09 0.55 0.10 0.96 0.33

O 4.22 5.47 3.07 3.26 2.84 7.19 7.52 3.98 4.13 3.82

Reactivity in 100% CO2

Peak temperature, ◦C 967 969 968 995 992 949 951 966 977 995

Reaction rate (% min−1) 12.1 12.5 14.4 17.1 19.7 14.6 17.6 19.9 23.4 28.2

Secondary heat treatment at 1000◦C

Char yield (gchar gbiomass
−1) 23.7 23.0 23.4 22.2 21.9 23.3 22.7 21.8 20.5 20.2

Proximate and ultimate analysis (wt.% dry basis)

Ash at 550◦C 3.39 2.79 2.74 2.66 2.83 5.47 4.93 6.62 6.37 5.08

Fixed carbon 91.2 93.4 92.2 93.7 93.3 90.7 91.1 88.1 88.9 92.5

Volatile matter 5.37 3.82 4.99 3.53 3.86 3.85 3.95 5.28 4.74 2.38

C 90.3 91.4 92.1 91.3 94.9 89.3 89.6 90.4 89.6 91.7

H 0.63 0.45 0.50 0.37 0.11 0.30 0.35 0.34 0.35 0.06

N 0.06 0.97 1.60 0.18 0.08 1.18 0.94 1.06 0.86 0.33

O 5.06 4.39 3.06 5.53 2.06 4.13 4.23 2.76 2.87 1.34

Reactivity in 100% CO2

Peak temperature (◦C) 976 990 984 1003 1008 988 991 987 971 1015

Reaction rate (% min−1) 14.0 14.7 12.7 19.5 17.3 17.0 18.9 20.4 22.3 29.2
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Table S-4: Product yield, proximate and ultimate analysis after secondary heat treatment

of spruce and oak charcoal at 1300 and 1600◦C.

Spruce charcoal Oak charcoal

Primary heat treatment temperature (◦C) 500 700 900 1100 1300 500 700 900 1100 1300

Secondary heat treatment at 1300◦C

Char yield (gchar gbiomass
−1) 22.9 22.6 22.3 21.3 21.0 22.2 20.5 19.7 19.0 18.7

Proximate and ultimate analysis (wt.% dry basis)

Ash at 550◦C 2.72 2.75 2.85 3.02 3.03 6.26 6.31 6.82 5.96 5.40

Fixed carbon 94.2 95.0 94.6 94.6 94.4 91.2 91.5 90.7 91.7 92.0

Volatile matter 2.65 2.22 2.55 2.40 2.61 2.56 2.14 2.45 2.33 2.55

C 95.8 95.0 95.8 95.2 95.6 91.8 93.3 92.6 93.2 93.2

H 0.15 0.11 0.10 0.08 0.15 0.05 0.09 0.17 0.28 0.04

N 0.05 0.21 0.27 0.32 0.12 0.37 0.05 0.34 0.08 0.09

O 0.97 1.68 1.01 1.62 1.39 2.37 0.55 0.26 0.08 0.4

Reactivity in 100% CO2

Peak temperature (◦C) 931 956 950 950 950 958 950 963 965 964

Reaction rate (% min−1) 10.6 10.4 11.2 9.3 9.5 16.0 17.8 16.4 16.6 17.0

Secondary heat treatment at 1600◦C

Char yield (gchar gbiomass
−1) 22.4 22.0 21.9 21.0 20.2 20.7 20.2 20.2 19.5 18.7

Proximate and ultimate analysis (wt.% dry basis)

Ash at 550◦C 2.20 2.35 2.19 2.33 2.49 5.99 5.40 5.60 5.63 5.65

Fixed carbon 97.3 97.2 97.3 97.2 97.2 93.5 94.2 93.9 93.9 94.0

Volatile matter 0.49 0.44 0.53 0.48 0.35 0.47 0.42 0.52 0.46 0.34

C 96.6 96.6 96.3 96.5 96.0 92.5 90.6 91.5 91.4 90.9

H 0.014 0.018 0.003 0.006 0.008 0.051 0.042 0.004 0.098 0.022

N 1.06 0.93 1.51 1.07 1.38 1.39 3.95 2.78 2.81 3.37

O 0.17 0.14 0.02 0.11 0.10 0.05 0.01 0.08 0.02 0.07

Reactivity in 100% CO2

Peak temperature (◦C) 959 966 964 965 961 966 967 967 968 967

Reaction rate (% min−1) 13.5 13.2 11.6 10.1 13.5 15.8 16.0 14.6 14.6 13.3
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S-2. Char reactivity
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Figure S-2: Arrhenius plot of CO2 reactivity of activated charcoal, metallurgical

coke, Norway spruce and oak chars from pyrolysis at 800, 1200, and 1600◦C reacted

in 20 % volume fraction CO2 + 80 % volume fraction N2 and in 100 % CO2.
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3(a): Spruce char (20 % CO2 + 80 % N2)
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3(c): Oak char (20 % CO2 + 80 % N2)
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Figure S-3: Thermogravimetric analysis of activated charcoal, metallurgical coke,

Norway spruce and oak chars from pyrolysis at 800, 1200, and 1600◦C reacted in

20 % CO2 + 80 % N2 and 100 % CO2. The normalized mass is shown over the

reaction time (min).
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4(a): Spruce char (1600◦C; 100 % CO2)
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4(b): Oak char (1600◦C; 100 % CO2)

600 700 800 900 1000 1100
0.00

0.04

0.08

0.12

0.16

0.20

0.24

0.28

0.32

D
T

G
 / 

(%
 s

-1
),

 d
a

f

Temnperature / °C

 Experiment 1
 Experiment 2

4(c): Spruce char (1200◦C; 20 % CO2 +

80 % N2)
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Figure S-4: Repeatability of DTG curves of oak and spruce char samples from

pyrolysis at 1600◦C reacted in 100 % volume fraction CO2 and oak and spruce

char samples from pyrolysis at 1200◦C reacted in 20 % volume fraction CO2 +

80 % volume fraction N2.
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Figure S-5: Thermogravimetric analysis in 100 % volume fraction N2 flow of spruce and

oak chars from pyrolysis at 800, 1200 and 1600◦C.
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Table S-1: Kinetic parameters for CO2 reactivity of metallurgical coke, activated

charcoal, chars from Norway spruce and oak reacted in 20 % volume fraction CO2

+ 80 % volume fraction N2.

Ea Ai rmax at 1000◦C

kJ mol−1 s−1 s−1

Norway spruce

Char from pyrolysis at 800◦C

134 4.6·102 1.5·10−3

Char from pyrolysis at 1200◦C

159 3.1·103 1·10−3

Char from pyrolysis at 1600◦C

164 4.1·103 1·10−3

Oak

Char from pyrolysis at 800◦C

161 1.2·104 3·10−3

Char from pyrolysis at 1200◦C

176 1.4·104 1·10−3

Char from pyrolysis at 1600◦C

188 4.3·104 1·10−3

Metallurgical coke

144 7.4·102 4.1·10−3

Charcoal

215 1.2·105 4·10−2
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Table S-2: Kinetic parameters for CO2 reactivity of metallurgical coke, activated

charcoal, chars from Norway spruce and oak reacted in 100 % CO2.

Ea Ai rmax at 1000◦C

kJ mol−1 s−1 s−1

Norway spruce

Char from pyrolysis at 800◦C

170 4.2·104 4.6·10−3

Char from pyrolysis at 1200◦C

191 1.7·105 2.6·10−3

Char from pyrolysis at 1600◦C

196 2.7·105 2.6·10−3

Oak

Char from pyrolysis at 800◦C

155 7.4·105 0.3

Char from pyrolysis at 1200◦C

168 1.9·106 0.2

Char from pyrolysis at 1600◦C

190 1.1·107 0.2

Metallurgical coke

161 7.8·103 4·10−2

Charcoal

211 9.4·104 0.1

The influence of convective flow on the mass transfer inside the crucible

was assumed to be negligible, and so mass transport occurs by molecular

diffusion only. The mass transfer of product gases on the reaction was ne-

glected, and the temperature within the char layer was assumed uniform.

Furthermore, it was assumed that the char particles were distributed equally

in the TG crucible. The maximal reaction rate (rmax) measured by the

thermogravimetric instrument is shown as the first derivative (DTG) at the

maximal temperature in Figure 2 of the main manuscript. The mass transfer

(rdiff ) of CO2 transfer to the surface of the soot particle bed was estimated

7
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in Table S-3. The mass transfer (% min−1) of CO2 transfer to the surface of

the char particle bed was estimated as shown in equation 1:

rdiff =
Acr ·DAB · 60 ·Mc · CB

Lcr ·mTG,s

· 100 (1)

In equation 1, Mc is molar carbon weight, Lcr and Acr are height and area of a

thermogravimetric crucible, mTG,s is the initial sample weight. The diffusion

coefficient (DAB) was obtained from correlation of Chapman and Enskog [1].

CB is the bulk concentration of CO2 in the inlet gas (N2) and calculated in

equation 2:

CB =
p · ybulk
R · T (2)

In equation 2, ybulk is the mole fraction of the reacting gas in the bulk (CO2),

and p is the total pressure.

8
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Table S-3: The diffusion rate was calculated at the relevant peak temperature of

the TG experiment in 20 % or 100 % volume fraction CO2, and compared with the

reaction rate (rmax) measured by the thermogravimetric instrument and shown in

Figure 2 of the manuscript as the first derivative (DTG) at the maximal temper-

ature.

Char type Peak tem-

perature*

DAB rdiff rmax/rdiff

◦C m2 s−1 % min−1

20 % CO2 + 80 % N2

Spruce char (800◦C) 1031 2·10−4 26 0.4

Spruce char (1200◦C) 1069 2.1·10−4 25 0.5

Spruce char (1600◦C) 1024 2·10−4 26 0.2

Oak char (800◦C) 1022 2·10−4 26 0.4

Oak char (1200◦C) 1050 2·10−4 26 0.6

Oak char (1600◦C) 1082 2.1·10−4 25 0.3

100 % CO2

Spruce char (800◦C) 980 1.8·10−4 135 0.1

Spruce char (1200◦C) 1005 1.9·10−4 132 0.1

Spruce char (1600◦C) 958 1.8·10−4 137 0.1

Oak char (800◦C) 982 1.8·10−4 134 0.1

Oak char (1200◦C) 996 1.9·10−4 133 0.1

Oak char (1600◦C) 961 1.8·10−4 137 0.1

*Relevant peak temperature of the thermogravimetric experiment

Lcr is 4 mm and crucible diameter is 5 mm

The reaction rate of spruce and oak chars obtained from pyrolysis at 800,

1200, and 1600◦C determined isothermally by the thermogravimetric instru-

ment at 850◦C in 20 % or 100 % volume fraction CO2 is shown in Table S-4

using mass loss data from Figure S-6.
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Figure S-6: Influence of CO2 concentration (20 and 100 % CO2) on the reaction rate

measured by the thermogravimetric instrument at 850◦C of oak char generated at 800,

1200, and 1600◦C.

Table S-4: The reaction rate (% min−1) of spruce and oak obtained from pyrolysis at 800,

1200, and 1600◦C measured in thermogravimetric instrument at 850◦C in 20 or 100 %

volume fraction CO2.

Sample CO2 concentration, % Heat treatment temperature, ◦C

800 1200 1600

Spruce 20 1.050 0.528 0.339

Spruce 100 2.969 1.458 1.009

Oak 20 1.462 0.935 0.604

Oak 100 2.612 1.788 1.134

The reaction rate of CO2 gasification (r850◦C) is represented by means of

the Arrhenius equation in equation 3 [2, 3]:

r850◦C = −Ai · exp
(−Ea

R · T

)
·
(

1 − mp

mp0

)
· pCO2

n (3)
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In equation 3, pCO2 is the partial pressure of CO2, mp0 is the initial mass of

char, mp the mass of char at time t, n is the reaction order. When n = 1 was

used in the calculation, it is expected that the reaction rate decreases with

the decrease in CO2 concentration from 100 to 20 % linearly [4, 5]. However,

the decrease in CO2 concentration from 100 to 20 % led to the decrease in

reaction rate by factor of 2.5 for spruce char and by factor of 1.82 for oak

char. Moreover, the reaction order n was calculated by the method of least

squares for both char samples using the data from Table S-4. The calculation

showed that the reaction orders for spruce and oak chars are different (0.571

for spruce char and 0.372 for oak char). The reaction rate and partial pressure

could not be linearly correlated for both n=1 and n=0.571; 0.372. Thus, the

intrinsic reaction rate depends on the CO2 concentration.
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S-3. Pore size distributions

Figure S-7: Cumulative pore volume (mm3 g−1) and pore size distribution, dV/dlogD

(mm3 g−1, D) of Norway spruce char generated at 800◦C.
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Figure S-8: Cumulative pore volume (mm3 g−1) and pore size distribution, dV/dlogD

(mm3 g−1, D) of Norway spruce char generated at 1200◦C.
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Figure S-9: Cumulative pore volume (mm3 g−1) and pore size distribution, dV/dlogD

(mm3 g−1, D) of Norway spruce char generated at 1600◦C.
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Figure S-10: Cumulative pore volume (mm3 g−1) and pore size distribution, dV/dlogD

(mm3 g−1, D) of oak char generated at 800◦C.
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Figure S-11: Cumulative pore volume (mm3 g−1) and pore size distribution, dV/dlogD

(mm3 g−1, D) of oak char generated at 1200◦C.
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Figure S-12: Cumulative pore volume (mm3 g−1) and pore size distribution, dV/dlogD

(mm3 g−1, D) of oak char generated at 1600◦C.
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Figure S-13: Cumulative pore volume (mm3 g−1) and pore size distribution, dV/dlogD

(mm3 g−1, D) of metallurgical coke.

18

256



Figure S-14: Cumulative pore volume (mm3 g−1) and pore size distribution, dV/dlogD

(mm3 g−1, D) of activated charcoal.
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S-4. N2 adsorption measurements
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Figure S-15: N2 adsorption measurements of Norway spruce char generated at 800◦C.
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Figure S-16: N2 adsorption measurements of Norway spruce char generated at 1200◦C.
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Figure S-17: N2 adsorption measurements of Norway spruce char generated at 1600◦C.
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Figure S-18: N2 adsorption measurements of oak char generated at 800◦C.
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Figure S-19: N2 adsorption measurements of oak char generated at 1200◦C.
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Figure S-20: N2 adsorption measurements of oak char generated at 1600◦C.
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Figure S-21: N2 adsorption measurements of metallurgical coke.
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Figure S-22: N2 adsorption measurements of activated charcoal.
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S-5. Raman spectroscopy

S-5.1. Raman spectra processing

Table S-5: Raman spectroscopic data for Norway spruce and oak char samples

related to the peak position, relative peak area and peak width (FWHM).

Norway spruce char Oak char

800◦C 1200◦C 1600◦C 800◦C 1200◦C 1600◦C

Peak position (cm−1)

SL 1071 1070 1072 1074 1074 1070

S 1197 1199 1198 1181 1199 1198

DS 1274 1255 1275 1264 1252 1277

D 1340 1345 1340 1340 1340 1342

A1 1432 1442 1410 1460 1434 1420

A2 1550 1546 1550 1534 1535 1545

GG 1570 1571 1571 1571 1570 1570

GL 1594 1589 1602 1594 1588 1590

D’ 1610 1610 1621 1614 1617 1620

Relative peak area

SL 0.09 0.05 0.14 0.3 0.13 0.1

S 1.6 2.1 0.5 1.6 0.8 0.8

DS 1.3 0.8 0.7 1.5 0.2 1

D 3.9 6.8 3.9 5.1 3.5 4.7

A1 2.2 1.6 3.4 3.1 0.9 2.4

A2 3.3 4.4 1.3 1.2 2 1.4

GG 0.6 0.2 1.4 1.1 0.3 1.3

GL 1.6 3 2.1 2.1 1.6 2.7

D’ 0.01 0.15 0.08 0.7 0.2 0.6

FWHM (cm−1)

SL 63.9 39.4 72.5 95.6 72.4 69.3

S 142.1 166.3 111.6 119.1 131.7 139.8

DS 103.2 88.1 69.7 104.5 62.6 74.4

D 113.3 109.6 66.9 125.1 114.5 65.9

A1 117.6 88.1 207.6 131.7 100.6 141.6

A2 137.3 130.6 67.4 77.7 133.8 75.9

GG 58.9 34.1 40.3 54.8 51.1 41.1

GL 53.7 60.4 42.4 64.5 61.2 43.6

D’ 23 28.8 16.7 80.7 38.5 31.7
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Table S-6: Raman spectroscopic data for Norway spruce and oak char samples

related to the integrated peak area ratios (ASL
/AGL

and AD/AGL
) and mean

crystal size in the a-direction (La).

Norway spruce char Oak char

800◦C 1200◦C 1600◦C 800◦C 1200◦C 1600◦C

Integrated peak area ratios

AD/AGL
2.35 2.26 1.9 2.5 2.3 1.7

ASL
/AGL

0.06 0.02 0.06 0.13 0.08 0.04

Mean crystal size in the a-direction

La (Å) 1.9 1.9 2.3 1.7 1.9 2.6
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S-6. Ash compositional analysis
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Figure S-23: Ash compositional analysis of original oak and spruce, and their chars

from pyrolysis at 800 and 1200◦C which is shown in g kg−1 on the dry ash basis

of original biomass.
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S-1. TEM analysis

Figure S-1: Graphene fiber length and length used for the curvature calculation.
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S-2. Char reactivity

S-2.1. Oxidation reactivity measurements
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2(a): Pinewood char

200 300 400 500 600 700 800 900 1000
0

10

20

30

40

50

60

70

D
T

G
 / 

(%
 m

in
-1
),

 d
a

f

Temperature / °C

 Metallurgical coke
 Pinewood char (1600°C, 2h)
 Char & biooil mixed (1600°C, 2h)
 Biooil char (1600°C, 2h)

2(b): Reacted biooil with pinewood char
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2(c): Beechwood char
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2(d): Leached wheat straw char
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2(e): Wheat straw char
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2(f): Alfalfa straw char

Figure S-2: (a),(c)-(f) DTG curves of pinewood, beechwood, leached wheat straw,

wheat straw, alfalfa straw char from pyrolysis at 1300, 1600, 2400, and 2800◦C

for 2 and 12 h and (b) DTG curves of pinewood char, mixed pinewood char with

biooil, reacted biooil from pyrolysis at 1600◦C for 2 h and metallurgical coke and

reacted in 5 % volume fraction O2 + 95 % volume fraction N2.
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S-2.2. Arrhenius plot of O2 and CO2 reactivity
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Figure S-3: Arrhenius plot of CO2 reactivity of pinewood char reacted in 40 %

volume fraction CO2 + 60 % volume fraction N2.
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Figure S-4: Arrhenius plot of CO2 reactivity of biooil char and mixed biooil with

pinewood char reacted in 40 % volume fraction CO2 + 60 % volume fraction N2.
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Figure S-5: Arrhenius plot of CO2 reactivity of beechwood char reacted in 40 %

volume fraction CO2 + 60 % volume fraction N2.
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Figure S-6: Arrhenius plot of CO2 reactivity of leached wheat straw char reacted

in 40 % volume fraction CO2 + 60 % volume fraction N2.
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Figure S-7: Arrhenius plot of CO2 reactivity of wheat straw char reacted in 40 %

volume fraction CO2 + 60 % volume fraction N2.
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Figure S-8: Arrhenius plot of CO2 reactivity of alfalfa straw char reacted in 40 %

volume fraction CO2 + 60 % volume fraction N2.
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Figure S-9: Arrhenius plot of O2 reactivity of pinewood char reacted in 5 % volume

fraction O2 + 95 % volume fraction N2.
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Figure S-10: Arrhenius plot of O2 reactivity of biooil char and mixed biooil with

pinewood char reacted in 5 % volume fraction O2 + 95 % volume fraction N2.
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Figure S-11: Arrhenius plot of O2 reactivity of beechwood char reacted in 5 %

volume fraction O2 + 95 % volume fraction N2.
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Figure S-12: Arrhenius plot of O2 reactivity of leached wheat straw char reacted in

5 % volume fraction O2 + 95 % volume fraction N2.
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Figure S-13: Arrhenius plot of O2 reactivity of wheat straw char reacted in 5 %

volume fraction O2 + 95 % volume fraction N2.

14

284



9.00x10-4 1.05x10-3 1.20x10-3 1.35x10-3 1.50x10-3 1.65x10-3 1.80x10-3

-14

-12

-10

-8

-6

-4

-2

0

2

d
X

/d
t /

 s
-1

1/T / K-1

 Alfalfa straw char
 1300°C 2h
 1300°C 12h
 1600°C 2h
 2400°C 2h
 2800°C 2h

Figure S-14: Arrhenius plot of O2 reactivity of alfalfa straw char reacted in 5 %

volume fraction O2 + 95 % volume fraction N2.
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Table S-1: Kinetic parameters for O2 reactivity of pinewood chars, biooil char, and

mixed biooil with pinewood char in 5 % volume fraction O2 + 95 % volume fraction

N2.

Ea A rmax at 600◦C

kJ mol−1 s−1 s−1

Pinewood char

Non-treated pinewood char

118 1.3·106 0.1

1300◦C, 2 h

147 6·107 0.1

1300◦C, 12 h

118 3.6·105 3·10−2

1600◦C, 2 h

142 7·105 2·10−3

1600◦C, 12 h

155 6.6·106 3·10−3

2400◦C, 2 h

261 8·1010 2·10−5

2800◦C, 2 h

282 7·1011 8·10−6

Biooil char (1600◦C, 2 h)

198 4·109 6·10−3

Mixed biooil with pinewood char (1600◦C, 2 h)

191 9·108 4·10−3

Metallurical coke

157 9·107 3·10−2
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Table S-2: Kinetic parameters for O2 reactivity of beechwood and alfalfa straw

chars in 5 % volume fraction O2 + 95 % volume fraction N2.

Ea A rmax at 600◦C

kJ mol−1 s−1 s−1

Beechwood char

Non-treated beechwood char

133 6.4·107 0.7

1300◦C, 2 h

157 9·107 3·10−2

1300◦C, 12 h

158 6·107 2·10−2

1600◦C, 2 h

160 6·106 2·10−3

2400◦C, 2 h

168 2·106 2·10−4

2800◦C, 2 h

190 2·107 7·10−5

Alfalfa straw char

Non-treated alfalfa straw char

110 7·105 0.2

1300◦C, 2 h

143 3.4·108 1

1300◦C, 12 h

150 8.7·108 1

1600◦C, 2 h

156 2·109 1

2400◦C, 2 h

173 4.2·106 2·10−4

2800◦C, 2 h

191 4.3·107 2·10−4

17

287



Table S-3: Kinetic parameters for O2 reactivity of leached wheat straw and wheat

straw chars in 5 % volume fraction O2 + 95 % volume fraction N2.

Ea A rmax at 600◦C

kJ mol−1 s−1 s−1

Leached wheat straw char

Non-treated leached wheat straw char

126 8·106 0.2

1300◦C, 2 h

142 8·106 3·10−2

1300◦C, 12 h

143 8.4·106 2.4·10−2

1600◦C, 2 h

163 1.1·108 2.2·10−2

2400◦C, 2 h

246 1·1012 2.2·10−3

2800◦C, 2 h

258 5·1012 2·10−3

Wheat straw char

Non-treated wheat straw char

99 1.6·105 0.2

1300◦C, 2 h

126 1·106 3·10−2

1600◦C, 2 h

224 2.8·1011 1·10−2

2400◦C, 2 h

237 1.3·1012 1·10−2

2800◦C, 2 h

251 3·1012 3·10−3
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Table S-4: Kinetic parameters for CO2 reactivity of pinewood chars, biooil char,

and mixed biooil with pinewood char in 40 % volume fraction CO2 + 60 % volume

fraction N2.

Ea A rmax at 1000◦C

kJ mol−1 s−1 s−1

Pinewood char

Non-treated pinewood char

189 1·106 1.7·10−2

1300◦C, 2 h

232 6·107 1.8·10−2

1300◦C, 12 h

226 2·107 1·10−1

1600◦C, 2 h

233 2·107 5.5·10−3

1600◦C, 12 h

237 2·107 4.2·10−3

2400◦C, 2 h

238 8.3·105 1·10−4

2800◦C, 2 h

248 4.3·105 2.9·10−5

Biooil char (1600◦C, 2 h)

242 2.1·107 2.5·10−3

Mixed biooil with pinewood char (1600◦C, 2 h)

252 3.2·107 1.4·10−3

Metallurical coke

224 1.4·105 9.3·10−5

19

289



Table S-5: Kinetic parameters for CO2 reactivity of beechwood and alfalfa straw

chars in 40 % volume fraction CO2 + 60 % volume fraction N2.

Ea A rmax at 1000◦C

kJ mol−1 s−1 s−1

Beechwood char

Non-treated beechwood char

241 3.8·108 5·10−2

1300◦C, 2 h

242 1·108 1.2·10−2

1300◦C, 12 h

246 1.1·108 9·10−3

1600◦C, 2 h

251 9.6·107 4.6·10−3

2400◦C, 2 h

262 9.6·106 1.8·10−4

2800◦C, 2 h

278 9.3·106 3.7·10−5

Alfalfa straw char

Non-treated alfalfa straw char

160 4.2·104 1.1·10−2

1300◦C, 2 h

211 3.4·106 7.8·10−3

1300◦C, 12 h

216 3.4·106 4.8·10−3

1600◦C, 2 h

254 5·107 6.4·10−4

2400◦C, 2 h

279 4.9·107 1.8·10−4

2800◦C, 2 h

291 6.1·107 7.1·10−5
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Table S-6: Kinetic parameters for CO2 reactivity of leached wheat straw and wheat

straw chars in 40 % volume fraction CO2 + 60 % volume fraction N2.

Ea A rmax at 1000◦C

kJ mol−1 s−1 s−1

Leached wheat straw char

Non-treated leached wheat straw char

215 1.3·108 0.2

1300◦C, 2 h

236 1.9·107 4·10−3

1300◦C, 12 h

226 6.4·106 3.5·10−3

1600◦C, 2 h

249 4.6·107 2.7·10−3

2400◦C, 2 h

253 1.2·106 5.2·10−5

2800◦C, 2 h

262 2.6·106 4.5·10−5

Wheat straw char

Non-treated wheat straw char

184 8.1·105 2.2·10−2

1300◦C, 2 h

229 2.2·107 9·10−3

1600◦C, 2 h

241 5.3·107 7.6·10−3

2400◦C, 2 h

257 8·106 2.2·10−4

2800◦C, 2 h

265 3.5·106 5·10−5
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S-3. Raman spectroscopy

15(a): Pinewood char (1300◦C, 2 h) 15(b): Pinewood char (1300◦C, 12 h)

15(c): Pinewood char (1600◦C, 2 h) 15(d): Pinewood char (1600◦C, 12 h)

15(e): Pinewood char (2400◦C, 2 h) 15(f): Pinewood char (2800◦C, 2 h)

Figure S-15: Deconvolution of Raman spectrum of pinewood chars from pyrolysis

at 1300 and 1600 for 2 and 12 h, and at 2400 and 2800◦C for 2 h.
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16(a): Biooil char 16(b): Mixed biooil and pinewood char

Figure S-16: Deconvolution of Raman spectrum of biooil char and reacted mixture

of biooil and char from pyrolysis at 1600◦C for 2 h.
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17(a): Beechwood char (1300◦C, 2 h) 17(b): Beechwood char (1300◦C, 12 h)

17(c): Beechwood char (1600◦C, 2 h) 17(d): Beechwood char (2400◦C, 2 h)

17(e): Beechwood char (2800◦C, 2 h)

Figure S-17: Deconvolution of Raman spectrum of beechwood chars from pyrolysis

at 1300◦C for 2 and 12 h, and at 1600, 2400 and 2800◦C for 2 h.

24

294



18(a): Leached wheat straw char (1300◦C,

2 h)

18(b): Leached wheat straw char (1300◦C,

12 h)

18(c): Leached wheat straw char (1600◦C,

2 h)

18(d): Leached wheat straw char (1600◦C,

12 h)

18(e): Leached wheat straw char (2400◦C,

2 h)

18(f): Leached wheat straw char (2800◦C,

2 h)

Figure S-18: Deconvolution of Raman spectrum of leached wheat straw chars from

pyrolysis at 1300 and 1600◦C for 2 and 12 h, and at 2400 and 2800◦C for 2 h.
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19(a): Wheat straw char (1300◦C, 2 h) 19(b): Wheat straw char (1600◦C, 2 h)

19(c): Wheat straw char (2400◦C, 2 h) 19(d): Wheat straw char (2800◦C, 2 h)

Figure S-19: Deconvolution of Raman spectrum of wheat straw chars from pyrolysis

at 1300 and 1600◦C for 2 and 12 h, and at 2400 and 2800◦C for 2 h.
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20(a): Alflafa straw char (1300◦C, 2 h) 20(b): Alfalfa straw char (1300◦C, 12 h)

20(c): Alfalfa straw char (1600◦C, 2 h) 20(d): Alfalfa straw char (2400◦C, 2 h)

20(e): Alfalfa straw char (2800◦C, 2 h)

Figure S-20: Deconvolution of Raman spectrum of alfalfa straw chars from pyrolysis

at 1300◦C for 2 and 12 h, and at 1600, 2400 and 2800◦C for 2 h.
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S-3.1. Raman spectra processing

Table S-7: Raman spectroscopic data for pinewood char samples related to the

peak position, relative peak area, peak width (FWHM), integrated peak area ratio

(AD/AG) and mean crystal size in the a-direction (La).

1300◦C, 2 h 1300◦C, 12 h 1600◦C, 2 h 1600◦C, 12 h 2400◦C, 2 h 2800◦C, 2 h

Peak position (cm−1)

D4 1099 1099 1090 1090 1070 1079

D3 1266 1252 1275 1295 1298 1295

D 1349 1333 1342 1342 1347 1345

D2 1402 1402 1402 1403 1404 1450

D5 1549 1535 1548 1550 1538 1550

G 1585 1568 1579 1578 1578 1575

D6 1611 1610 1621 1619 1620 1608

Relative peak area

D4 0.2 0.9 0.2 0.2 0.1 0.1

D3 2.7 3.7 1.8 2.1 1.6 1.2

D 3.9 4.8 5.2 5.1 4.9 2.9

D2 6.9 4.8 3.4 2.4 1.6 1.8

D5 2.9 4.6 2.2 2.1 1.4 1.6

G 2.7 3.7 4.5 4.6 5.6 5.1

D6 2.7 0.8 1.5 1.5 1.1 1.5

FWHM (cm−1)

D4 122.1 120.3 80.8 80.2 76 30

D3 140.5 160 134 145 107 141

D 74.1 79 63.1 53 47 50

D2 183.9 180 164.1 156 104 180

D5 100.4 160.8 86.9 88 83 46

G 54.8 55.9 41.8 40.8 41 28

D6 84.4 45.6 39 35.8 33 40

Integrated peak area ratio

AD/AG 1.4 1.3 1.2 1.1 0.9 0.6

Mean crystal size in the a-direction

La (Å) 3.1 3.4 3.6 4 4.8 7.3
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Table S-8: Raman spectroscopic data for biooil char and mixed biooil with pinewood

char samples from pyrolysis at 1600◦C for 2 h related to the peak position, relative

peak area, peak width (FWHM), integrated peak area ratio (AD/AG) and mean

crystal size in the a-direction (La).

biooil char mixed biooil with pinewood char

Peak position (cm−1)

D4 1099 1099

D3 1298 1296

D 1345 1344

D2 1402 1401

D5 1536 1549

G 1593 1581

D6 1635 1620

Relative peak area

D4 0.01 0.3

D3 2.8 3.8

D 5.7 4.8

D2 3.6 2.7

D5 1.4 3.6

G 5.7 4.4

D6 0.1 0.7

FWHM (cm−1)

D4 10 120.7

D3 150 150

D 64.6 62.7

D2 166.1 127.8

D5 77.1 142.2

G 67.3 58.1

D6 40.7 45.4

Integrated peak area ratio

AD/AG 1 1.1

Mean crystal size in the a-direction

La (Å) 4.4 4
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Table S-9: Raman spectroscopic data for beechwood char samples related to the

peak position, relative peak area, peak width (FWHM), integrated peak area ratio

(AD/AG) and mean crystal size in the a-direction (La).

1300◦C, 2 h 1300◦C, 12 h 1600◦C, 2 h 2400◦C, 2 h 2800◦C, 2 h

Peak position (cm−1)

D4 1071 1099 1070 1087 1098

D3 1261 1260 1275 1275 1288

D 1337 1338 1333 1335 1337

D2 1403 1404 1402 1402 1422

D5 1550 1549 1550 1550 1548

G 1575 1573 1574 1563 1567

D6 1608 1609 1623 1608 1605

Relative peak area

D4 0.2 0.01 0.3 0.1 1

D3 3.1 3.4 3.5 1.4 0.9

D 5.1 5.2 5.4 3.7 1.9

D2 5.5 4.1 3.7 2.2 1.5

D5 3.3 5.1 3 2.9 1.8

G 2.6 3.1 4.4 4.8 4.4

D6 1.8 1.1 0.4 0.9 1.4

FWHM (cm−1)

D4 120.8 30.9 98 30 105.7

D3 159 140 180 177 141.1

D 77.2 78.5 67 51.1 47.2

D2 180.2 142 180 180 161.2

D5 119.2 159 116 85.2 59.9

G 51 53.7 58 37.8 27

D6 55.2 49.7 39.8 38 51.3

Integrated peak area ratio

AD/AG 2 1.7 1.2 0.8 0.4

Mean crystal size in the a-direction

La (Å) 2.2 2.6 3.6 5.5 10.9
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Table S-10: Raman spectroscopic data for leached wheat straw char samples related

to the peak position, relative peak area, peak width (FWHM), integrated peak area

ratio (AD/AG) and mean crystal size in the a-direction (La).

1300◦C, 2 h 1300◦C, 12 h 1600◦C, 2 h 1600◦C, 12 h 2400◦C, 2 h 2800◦C, 2 h

Peak position (cm−1)

D4 1099 1088 1071 1091 1095 1090

D3 1251 1251 1296 1275 1295 1270

D 1336 1331 1338 1336 1342 1342

D2 1402 1403 1402 1402 1402 1410

D5 1537 1535 1549 1549 1545 1550

G 1582 1577 1585 1577 1571 1569

D6 1616 1611 1619 1622 1611 1614

Relative peak area

D4 0.2 0.4 0.02 1.1 0.1 0.7

D3 2.9 3.1 3.5 2.5 0.8 0.9

D 5.7 5.8 5.5 5.5 4.1 3.2

D2 4.4 4.3 2.8 2.3 1.4 0.7

D5 3.6 3.2 2.3 3.8 1.9 2.7

G 3.7 3.7 3.7 4.5 5.6 5.8

D6 1.3 1 0.6 0.4 1.1 0.7

FWHM (cm−1)

D4 120 120 20 104 30 100

D3 132.2 142 130 148 80 100

D 81.5 81.7 59 60.4 43 51.1

D2 143.3 148.3 111.1 120 150 100

D5 120 116.9 129.6 151 86.4 94.2

G 61.8 63.1 55.5 48 35.9 34.8

D6 71.2 70 38.8 28.1 34.4 36.1

Integrated peak area ratio

AD/AG 1.5 1.5 1.5 1.4 0.7 0.6

Mean crystal size in the a-direction

La (Å) 2.9 2.9 2.9 3.1 6.2 7.3
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Table S-11: Raman spectroscopic data for wheat straw char samples related to the

peak position, relative peak area, peak width (FWHM), integrated peak area ratio

(AD/AG) and mean crystal size in the a-direction (La).

1300◦C, 2 h 1600◦C, 2 h 2400◦C, 2 h 2800◦C, 2 h

Peak position (cm−1)

D4 1070 1059 1057 1092

D3 1297 1296 1285 1298

D 1337 1337 1338 1345

D2 1402 1403 1401 1403

D5 1549 1549 1550 1550

G 1584 1585 1565 1575

D6 1607 1619 1605 1606

Relative peak area

D4 0.3 0.7 0.1 1.1

D3 5 3 0.4 0.9

D 4.2 5.7 3 2.8

D2 3.3 2.7 1.1 2.8

D5 5.2 2.2 2.4 1.2

G 2.8 3.9 5.4 4.8

D6 0.6 0.4 1 1.8

FWHM (cm−1)

D4 148.2 149.7 120 106

D3 154.8 115.4 50 106

D 70.5 58.1 49 46.7

D2 110 104.2 115 172.8

D5 143.4 128.4 80.4 41.7

G 57.8 57.9 34.5 30.9

D6 49.3 53 41 48.9

Integrated peak area ratio

AD/AG 1.5 1.5 0.6 0.6

Mean crystal size in the a-direction

La (Å) 2.9 2.9 7.3 7.3
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Table S-12: Raman spectroscopic data for alfalfa straw char samples related to the

peak position, relative peak area, peak width (FWHM), integrated peak area ratio

(AD/AG) and mean crystal size in the a-direction (La).

1300◦C, 2 h 1300◦C, 12 h 1600◦C, 2 h 2400◦C, 2 h 2800◦C, 2 h

Peak position (cm−1)

D4 1099 1070 1099 1079 1090

D3 1263 1281 1261 1295 1270

D 1341 1336 1340 1342 1341

D2 1413 1402 1403 1402 1414

D5 1549 1550 1549 1550 1550

G 1576 1585 1574 1571 1570

D6 1612 1627 1605 1610 1606

Relative peak area

D4 0.03 0.07 0.1 0.1 0.3

D3 2.3 2.6 2.3 0.7 0.8

D 6.1 6.5 3.2 4.7 3.6

D2 3.6 2.2 3.9 2.2 1.5

D5 4.1 2.8 3.5 1.6 2.1

G 3.2 4.2 2.8 5 4.9

D6 1.5 0.2 2.1 1.4 1.4

FWHM (cm−1)

D4 20 30 101 30 113

D3 118 115.1 142.2 76.4 100

D 79.2 58.2 69.8 47.1 51.6

D2 122.1 98.8 152.5 180 112

D5 129.7 131.4 103 83.4 63.8

G 48.9 59 33.8 37.4 30.7

D6 50.2 40 65.3 40.3 40

Integrated peak area ratio

AD/AG 1.9 1.5 1.1 0.9 0.7

Mean crystal size in the a-direction

La (Å) 2.3 2.9 4 4.8 6.2
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S-4. Nanostructure

20 nm

21(a): Beechwood char (1300◦C, 2 h)

20 nm

21(b): Beechwood char (1300◦C, 12 h)

20 nm

21(c): Beechwood char (1600◦C, 12 h)

20 nm

10 nm

21(d): Beechwood char (2400◦C, 2 h)

Figure S-21: TEM images of beechwood char reacted at 1300◦C for 2 h and 12 h,

1600 for 12 h and 2400◦C for 2 h. In Figure 21(d) the nano-crystalline graphitic

ring is shown in the purple rectangle.
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20 nm

22(a): Leached wheat straw char

(1300◦C, 2 h)

20 nm

22(b): Leached wheat straw char

(2400◦C, 2 h)

20 nm

22(c): Wheat straw char (1300◦C, 2 h)

20 nm

22(d): Wheat straw char (2400◦C, 2 h)

20 nm

22(e): Alfalfa straw char (1300◦C, 2 h)

20 nm

22(f): Alfalfa straw char (2400◦C, 2 h)

Figure S-22: TEM images of leached wheat straw, wheat straw, alfalfa straw char

reacted at 1300 and 2400◦C for 2 h.
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S-5. Discussion

Table S-23 summarizes the maximal reaction rates at 600◦C during oxida-

tion of pinewood, beechwood, leached wheat straw, wheat straw, and alfalfa

straw chars from pyrolysis at 1300, 1600, 2400 and 2800◦C for 2 h or 12 h

that are shown versus relative area ratio AD/AG.
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Figure S-23: Maximal reaction rate at 600◦C (results from Tables S-1-S-3) during oxidation

versus AD/AG ratio of pinewood, beechwood, leached wheat straw, wheat straw, alfalfa

straw chars from pyrolysis at 1300, 1600, 2400 and 2800◦C for 2 or 12 h (results from

Figures S-15-S-20).
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The effect of wood composition and supercritical CO2

extraction on biochar pro-duction in ferroalloy indus-
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S-1. Original biomass characterization

Table S-1: Proximate, ultimate and ash analyses of the non-treated bark from large

diameter Scots pinewood and bark after CO2 supercritical extraction.

Fuel Original bark Bark after CO2 extraction

Proximate and ultimate analysis (% on dry basis)

Moisturea 9 8

Ash (550 ◦C) 0.6 0.5

Volatiles 71.6 70.9

HHVb 21.8 21.3

LHVb 20.6 20.1

C 54.7 54.5

H 5.5 5.4

O 38.8 39.4

N 0.3 0.2

S 0.02 0.02

Ash compositional analysis (mg kg−1 on dry basis)

Cl < 0.01 0.01

Al 250 300

Ca 1200 1300

Fe 60 60

K 800 900

Mg 200 200

Na 10 10

P 150 150

Si 350 300

Ti 2 3

a wt. % (as received) b in MJ kg−1
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S-2. Elemental analysis
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Figure S-1: Van Krevelen plot of original wood fractions, samples after scCO2 extraction

and their chars.
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S-3. Ash compositional analysis
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Figure S-2: Ash compositional analysis of original needles, bark and branches and wood

fractions after scCO2 extraction and their chars from pyrolysis at 900, 1000 and 1100◦C

which is shown in g kg−1 on the dry ash basis of original biomass.

S-4. 2D dynamic imaging analysis

S-4.1. Methodology

Particle shadows were captured by two cameras, namely a zoom camera,

designed for the analysis of smaller particles, and a basic-camera that was

4
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able to detect larger particles. The projected area of the particles was ana-

lyzed by the CAMSIZER XT 6.3.10 software (Retsch Technology, Germany).

Fine biomass particles tend to agglomerate which makes it difficult to detect

the true geometric dimensions of each individual particle. Therefore, the

particle agglomerates were separated without destroying the primary parti-

cles by air pressure dispersion. The Martin diameter is a chord length that

divides the projected particle area into two equal halves [1]. The minimal

Martin diameter (xMa,min) is determined from the smallest Martin diameter

of the particle projection [2], and represents a particle width based on the

assumption of a biomass particle to be thinner than its width in the diffusion

process of a combustion modeling. The Feret diameter is a distance between

two tangents placed perpendicular to the measurement direction [1]. The

Feret maximal diameter is the longest Feret diameter of all measured Feret

diameters of a particle [2], and the longest measurable diameter xFe,max is

the largest diameter to fulfill the assumption that the length of a particle

has to be larger than its width. The results are presented as a cumulative

particle size distribution, based on volume (Q3). The cumulative particle size

distribution is described in EN ISO 9276-1:1998, and is defined as

Q3(xMamin,m) =
m∑

i=1

q3(xMamin,i)∆xMamin,i, (1)

where q3 is the area beneath the histogram. The results of a particle size

analysis are also presented as a frequency distribution over xMamin, based on

volume (q3), so that

q3(xMamin) =
dQ3(xMamin)

dxMamin

. (2)
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The particle size distributions obtained from the 2D dynamic imaging were

defined based on three sizes within the entire population: d10, d50, d90.

The d50 value is the median particle size within the population, with 50 %

of the population greater than this size, and 50 % smaller than this size.

Similarly, 10 % of the population is smaller than the d10 size; while 90 %

of the population is smaller than the d90 size [3]. All measurements were

conducted in triplicate to establish repeatability which was better than 95 %

confidence intervals.
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S-4.2. Biomass particle size and shape characterization
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Figure S-3: Particle frequency distribution (q3), sphericity (SPHT) and

width/length ratio (b/l) of non-treated wood fractions and samples after supercrit-

ical CO2 extraction: (a-b) bark from small diameter and large diameter pinewood

logs; (c-d) branches and stumps; (e-f) needles and cones.7
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S-5. Pore size distributions

Pore volume and size. The pore volume can be derived from the quantity of

intruded mercury. The pore size distribution is determined according to the

Washburn equation [4]:

Dp = −4γcosΘ

p
(3)

In equation 3, Θ is assumed to be equal to 141◦ [5] and γ is equal to 0.48 N

m−1 [6]. The median pore diameter (Dmd) is defined as the pore diameter at

which 50 % of total intrusion was reached. The average pore diameter (Dpa)

is calculated, assuming that all pores are cylindrical, in equation 4:

Dpa = −4Vcum
SSA

(4)

The cumulative pore volume distribution is calculated in equation 5:

Vcum(D) =
−dVp
dlogDp

(5)
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Figure S-4: Cumulative pore volume (mm3 g−1) and pore size distribution, dV/dlogD

(mm3 g−1, D) of bark before extraction.

9

316



Pore diameter (µm)

C
um

ul
at

iv
e 

po
re

 v
ol

um
e 

(m
m

3  
g-1

)
dV

/dlog D
, (m

m
3 g

-1, D
)

0.001            0.01                  0.1                      1                     10                   100                1000

1600

1500

1400

1300

1200

1100

1000

900

800

700

600

500

400

300

200

100

0

2200

2100

2000

1800

1700

1600

1500

1400

1300

1200

1100

1000

900

800

700

600

500

400

300

200

100

0

Bark from large diameter trees after extraction

Figure S-5: Cumulative pore volume (mm3 g−1) and pore size distribution, dV/dlogD

(mm3 g−1, D) of bark after extraction.
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Figure S-6: Cumulative pore volume (mm3 g−1) and pore size distribution, dV/dlogD

(mm3 g−1, D) of needles before extraction.
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Figure S-7: Cumulative pore volume (mm3 g−1) and pore size distribution, dV/dlogD

(mm3 g−1, D) of needles after extraction.
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Figure S-8: Cumulative pore volume (mm3 g−1) and pore size distribution, dV/dlogD

(mm3 g−1, D) of branches before extraction.
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Figure S-9: Cumulative pore volume (mm3 g−1) and pore size distribution, dV/dlogD

(mm3 g−1, D) of branches after extraction.
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S-6. X-ray microtomography
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Figure S-10: The XµCT quantitative analysis of non-treated pinewood needles and

fraction after scCO2 extraction: (a) global porosity; (b) particle porosity; (c)

number of particles/volume, and (d) particle volume/area ratio.
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Figure S-11: The µCT particle porosity analysis of non-treated pinewood needles.

12(a): Non-treated needles 12(b): Needles after scCO2 extraction

Figure S-12: The XµCT particle number pro total masked particle volume (to-

tal voxel = 6.5 mm3) analysis of non-treated pinewood needles and fraction after

scCO2 extraction.
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Figure S-13: The µCT particle volume analysis of non-treated pinewood needles.

14(a): Non-treated needles 14(b): Needles after scCO2 extraction

Figure S-14: The volume-to-surface area ratio calculation approach of non-treated

pinewood needles and fraction after scCO2 extraction using XµCT instrument.

17

324



15(a): Non-treated needles

15(b): Needles after scCO2 extraction

Figure S-15: The 2D visualized images from XµCT analysis of non-treated needles

and fraction after CO2 extraction using ImageJ software.
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S-7. Arrhenius plot of CO2 char reactivity

Table S-2: Kinetic parameters for CO2 reactivity of char from non-treated bark,

needles and branches and scCO2 wood samples pyrolyzed at 900, 1000, and 1100◦C

and further reacted in 20 % volume fraction CO2 + 80 % volume fraction N2.

Temperature Ea A rmax at 600◦C

◦C kJ mol−1 s−1 s−1

Char from non-treated bark

900 156 2.4·105 1.7·10−3

1000 173 1.1·106 1·10−4

1100 187 3.8·106 6.7·10−4

Char from scCO2 extracted bark

900 157 2.9·105 1.8·10−3

1000 176 1.5·106 9.5·10−4

1100 192 6.9·106 6.7·10−4

Char from non-treated needles

900 197 4.9·107 2.5·10−3

1000 198 4.7·107 2.2·10−3

1100 210 1·108 1.1·10−3

Char from scCO2 extracted needles

900 185 2.9·107 6.2·10−3

1000 188 3.2·107 4.6·10−3

1100 207 1.1·108 1.6·10−3

Char from non-treated branches

1100 192 1.1·107 1·10−3

Char from scCO2 extracted branches

1100 191 1.1·107 1·10−3
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Figure S-16: Arrhenius plot of CO2 reactivity of char from non-treated bark and

scCO2 extracted wood fraction reacted in 20 % volume fraction CO2 + 80 % volume

fraction N2.
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Figure S-17: Arrhenius plot of CO2 reactivity of char from non-treated needles

and scCO2 extracted wood fraction reacted in 20 % volume fraction CO2 + 80 %

volume fraction N2.
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Figure S-18: Arrhenius plot of CO2 reactivity of char from non-treated branches

and scCO2 extracted wood fraction reacted in 20 % volume fraction CO2 + 80 %

volume fraction N2.
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S-8. Characterization and quantitation of tar compounds

The identification of individual tar compounds was based on the present

results of GC-MS analysis, PAH pattern recognized in the literature and

comparison with the reference chromatograms of external standards. The

identified tar compounds with the relevant information were listed in Table S-

3. Forty five compounds in the pyrolysis tar have been quantified and grouped

for the quantification.
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Table S-3: List of indentified tar compounds with the CAS number, empirical

formula, molecular weight and retention time and external standards with the

manufacturer, catalog numbers and concentrations (µg ml−1).

No Compounds CAS no. Formula MW Cat. no./solv. Producer Conc. RT

µg ml−1 min

1 Acetonitrile 75-05-8 C2H3N 41.05 S-145/Me SPEX 1000 6.18

2 Benzene 71-43-2 C6H6 78.11 CRM47505/Me S-A 2000 6.30

3 Toluene 108-88-3 C7H8 92.14 CRM47505/Me S-A 2000 9.04

4 2-Methylthiophene 554-14-3 C5H6S 98.17 S-3982/Me SPEX 1000 10.01

5 3-Methylthiophene 616-44-4 C5H6S 98.17 S-2576/Me SPEX 1000 10.27

6 Pyrrole 109-97-7 C4H4NH 67.09 12776/Me S-A 1000 10.72

7 Ethylbenzene 100-41-4 C8H10 106.17 CRW47505/Me S-A 2000 15.79

8 Styrene 100-42-5 C8H8 104.15 40669/Me S-A 5000 16.87

9 1,2,4-Trimethylbenzene 95-63-6 C9H12 120.19 S-3720/Me SPEX 1000 22.74

10 α-Methylstyrene 98-83-9 C9H10 118.18 S-2560/Me SPEX 1000 23.64

11 Dimethyl Malonate 108-59-8 C5H8O4 132.12 12777/Me S-A 1000 24.7

12 1,2,3-Trimethylbenzene 526-73-8 C9H12 120.19 S-3717/Me SPEX 1000 26.18

13 Phenol 108-95-2 C6H5OH 94.11 40063/Me S-A 5000 26.5

14 Benzaldehyde 100-52-7 C7H6O 106.12 S-402/Me SPEX 1000 27.02

15 2-Methylphenol 95-48-7 C7H8O 108.14 S-2545/Me SPEX 1000 32.67

16 1-Phenyl-1-propyne 673-32-5 C9H8 116.16 12774/Me S-A 1000 33.55

17 3-Methylphenol 108-39-4 C7H8O 108.14 S-2540/Me SPEX 1000 34.99

18 Phenyl acetate 122-79-2 C8H8O2 136.1 S-3046/Me SPEX 1000 36.84

19 3-Methylbenzofuran 21535-97-7 C9H8O 132.16 1956.16/IO C 1000 37.25

20 2-Methylbenzofuran 4265-25-2 C9H8O 132.16 S-2461/Me SPEX 1000 37.53

21 2,6-Dimethylphenol 576-26-1 C8H10O 122.17 S-1662/Me SPEX 1000 38.11

22 Naphthalene 91-20-3 C10H8 128.17 PAH Mix 3/Me S-A 1000 46.77

23 4-Vinylphenol 2628-17-3 C8H8O 120.15 S-4692/Me SPEX 1000 49.37

24 Quinoline 91-22-5 C9H7N 129.16 S-3245/Me SPEX 1000 56.07

25 1-Methylnaphthalene 90-12-0 C11H10 142.2 PAH Mix 3/Me S-A 1000 58.33

26 1-Indanone 83-33-0 C9H8O 132.16 10719.9/T C 1000 60.44

27 Indole 120-72-9 C8H7N 117.15 S-2260/Me SPEX 1000 62.07

28 Biphenyl 92-52-4 C12H10 154.21 48161/Me S-A 2000 64.61

29 2,6-Dimethylnaphthalene 581-42-0 C12H12 156.22 S-1640/Me SPEX 1000 64.87

30 1,3-Dimethylnaphthalene 575-41-7 C12H12 156.22 S-1631/Me SPEX 1000 67.01

31 Biphenylene 259-79-0 C12H8 152.19 12778/Me S-A 1000 71.35

32 Acenaphthene 83-32-9 C12H10 154.2 PAH Mix 3/Me S-A 1000 74.92
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No Compounds CAS no. Formula MW Cat. no./solv. Producer Conc. RT

33 Dibenzofuran 132-64-9 C12H8O 168.19 40261/Me S-A 5000 76.69

34 Fluorene 86-73-7 C13H10 166.22 PAH Mix 3/Me S-A 200 80.84

35 2-Methylfluorene 1430-97-3 C14H12 180.25 0351.14/T C 1000 84.85

36 4-Methylfluorene 1556-99-6 C14H12 180.25 1091.14/IO C 1000 85.57

37 Phenanthrene 85-01-8 C14H10 178.23 PAH Mix 3/Me S-A 100 88.06

38 Anthracene 120-12-7 C14H10 178.23 PAH Mix 3/Me S-A 100 88.22

40 1-Methylphenanthrene 832-69-9 C15H11 192.26 S-2535/Me SPEX 1000 90.96

41 4H-Cyclopenta[def]phenanthrene 203-64-5 C15H10 190.25 S-1035/Me SPEX 1000 91.04

42 2-Phenylnaphthalene 612-94-2 C16H12 204.27 1956.16/IO C 1000 91.63

43 Fluoranthene 206-44-0 C16H10 202.26 PAH Mix 3/Me S-A 100 92.04

44 Pyrene 129-00-0 C16H10 202.25 PAH Mix 3/Me S-A 100 92.91

45 2-Methylpyrene 3442-78-2 C17H12 216.28 S-3858/MC SPEX 1000 97.51

S-A: Sigma-Aldrich, USA

SPEX: SPEX CertiPrep, USA

C: Chiron, Norway

Me: Methanol

T: Toluene

MC: Methylchloride

IO: Isooctane
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S-1. Pellet shrinkage

The silhouette of the charcoal pellets (heat treated at 900◦C) and man-

ganese composite pellets in N2 and CO2 at a flow rate of 500 ml min−1 are

shown in Figure S-1. It can be noted that no shrinkage is observed at temper-

atures below the heat treatment temperature, whereas a consecutive shrink-

age occurred at higher temperatures. At temperatures above 1000◦C, the

manganese composite pellets began to shrink, whereas whiskers formed at

temperatures above 1200◦C, as shown in Figure S-2.
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Figure S-1: Silhouette of the spruce pellets at a) 100◦C; b) 900◦C; c) 1000◦C; d) 1200◦C;

e) heating program finished
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2(a): Charcoal pellet 2(b): Heat treated pellet

2(c): MnO composite pellet at 1200 ◦C 2(d): MnO composite pellet at 1300 ◦C

Figure S-2: (a,b) Charcoal pellets before and after heat treatment and (c,d) Manganese

composite pellets after heat treatment at 1200 and 1300◦C.

The composite pellets in CO2 did not develop whiskers, indicating the

fully conversion of the carbon material before the reduction temperature was

reached.
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S-2. Microscopy

The elemental composition of reduced charcoal composite pellets was in-

vestigated using the SEM-EDS technique and summarized in Tables S-1-S-3.

Table S-1: Elemental composition of manganese composite pellets from SEM-EDS analy-

sis.

Mapping 1 Mapping 2 Mapping 3 Mapping 4

Element wt.%

C 64.4 69.8 75.6 60.2

Mn 23.9 19.5 2.0 28.9

O 3.1 7.7 8.6 4.3

Fe 5.6 1.1 0.3 3.4

Cu 0.5 0.4 12.7 1.6

Al 1.4 0.7 0.2 0.9

Si 0.7 0.4 0.2 0.4

Cl 0.1 0.4 0.3 0.2

Table S-2: Elemental composition of reduced quartz charcoal pellets from SEM-EDS anal-

ysis.

Mapping 1 Mapping 2 Mapping 3 Mapping 4

element wt.%

C 71.8 69.3 64.7 54.8

O 19.6 20.1 23.4 28.7

Si 8.1 9.2 11.5 16.1
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Table S-3: Elemental composition of reduced manganese oxides or quartz charcoal pellets

from SEM-EDS analysis.

MnO charcoal pellet Quartz charcoal pellet

Element wt.% σ wt.% σ

C 67.5 6.7 65.2 7.5

Mn 18.6 11.7

O 5.9 2.6 23.0 4.2

Fe 2.6 2.4

Cu 3.8 6.0

Al 0.8 0.5

Si 0.4 0.2 11.2 3.5

Cl 0.3 0.1 0.2 0.1
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3(a): Mapping 1 3(b): Carbon 3(c): Manganese

3(d): Oxygen 3(e): Iron 3(f): Copper

3(g): Aluminum 3(h): Silicon 3(i): Chlorine

Figure S-3: EDS mapping image of the manganese composite pellets at spot 1.
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4(a): Mapping Si 4(b): Carbon

4(c): Oxygen 4(d): Silicon

Figure S-4: EDS mapping image of the silica composite pellets at spot 1.

S-3. Biomass shrinkage

Figure S-5 shows the shrinkage of softwood and hardwood cubes in the

temperature range between 100 and 900◦C, in which the growing directions

(i.e. upright (x-y) and horizontal (y-z)) are stated for softwood and the

influence of the main wood structures (heartwood, sapwood and bark) for

hardwood. The shrinkage of the wood pellets occurs at temperatures above

240◦C. No swelling was observed in the investigated temperature range at

slow heating conditions.
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Figure S-5: Particle shrinkage and mass loss of: (a) softwood cubes and (b) hardwood

cubes in the temperature range between 100 and 900◦C.
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The shrinkage of the biomass particles can be correlated to the mass loss

by the release of volatile matter measured in TGA. The particle contraction

at 900◦C in growing direction (longitudinal) was about 25 to 35 % and less

intense than the shrinkage in transverse directions, where a shrinkage of 40 to

50 % was observed. The mass loss in the temperature range between 400 and

900◦C was more distinct than the volume contraction. Thus, the density of

the charcoal samples is lower compared to the origin wood samples, whereas

the porosity is larger. Weber and Quicker summarized that the porosity

of charcoal samples increased from 53 % to about 72 % at heat treatment

temperatures of 850◦C [1]. The porosity by skeleton density was investigated

for the heat treatment temperature of 800◦C to 78.5 % and 68.5 % for spruce

and oak [2]. The true density of charcoal samples increases with increasing

temperature [3, 4] from about 1400 kg m−3 to 1950 kg m−3 and is at most at

pyrolysis temperatures of about 1000◦C [3, 5].

Simultaneous thermogravimetric measurements were carried out in N2 to

determine the mass loss of the cubes. The relative density of the charcoal

samples was calculated by dividing the normalized mass by the normalized

volume of the cubes and is shown in Figure S-6. The relative density was

normalized to a temperature of 200◦C before the main pyrolysis reactions oc-

curred. First, the density of the charcoal samples decreased to about 65 % at

375◦C of the original density, where the density kept nearly stable to 550◦C.

At temperatures above 550◦C the relative density increased to about 85 % of

the original density at 900◦C. The results indicate that a larger content of

extractables in the heartwood is beneficial at heat treatment temperatures

below 700◦C. However, the relative difference of the different wood origin
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was negligible.

The envelope density of the pyrolyzed charcoal cubes was evaluated at room

temperature. The particle size of the pyrolyzed charcoal cubes was ana-

lyzed by a caliper with a readability of 0.01 mm, and the belonging mass was

determined on a microbalance (Perkin Elmer, USA) with a readability of

1µg. The average envelope density was 320 kg m3 for the softwood charcoal,

respectively 570 kg m3 for the hardwood charcoal.
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Figure S-6: Calculated envelope density of softwood and hardwood in a temperature range

of 100 to 900◦C.
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A.6 Biooil

The distillation curve of biooil investigated in the TGA system by heating the water

free fraction of the biooil at 5 ◦C min−1 to the final temperature of 450 ◦C is shown

in Figure A.1. The boiling curve for spruce biooil was shifted to higher temperature

compared to oak biooil, indicating a larger molecules in the spruce biooil. However, the

final bio-pitch content of oak was higher compared to spruce biooil and pinewood flash

pyrolysis oil. The results show that up to 30 % of the water free biooil can be converted into

the solid residue. The pitch content was evaluated in an atmospheric distillation carried

out to a heating mantle temperature of 450 ◦C, in which the pitch content corresponded

to 7 % points of both initial biomass. However, due to heat losses at the thermocouple,

no distillation curve was completely measured in the distillation.
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Figure A.1: Distillation curve of spruce and oak biooil compared to flash pyrolysis oil

from BTG

The solid residue of the biooil distillation was investigated by the Jeol JSM-6400 Scan-

ning Microscope and is shown in Figure A.2. The biopitch exhibited a porous structure

similar to the charcoal, but less structured and with larger pores.





 

(a) Biopitch particle (b) Closeup

Figure A.2: SEM images of the solid residue from biooil distillation

The FID signal of spruce and oak biooil after biooil conditioning are shown in Fig-

ure A.4. The results indicate that the biooil composition after distillation and recycling

are similar for both biomass feedstocks in the temperature range between 700 and 1100 ◦C.

However, the biooil from primary pyrolysis caused noise, leading to a FID signal which

was not stable for analysis. It is hypothesized that the biopitch was formed by the reactive

compounds, stabilizing the in the mixture.
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Figure A.3: FID signal for (a) recycled biooil and (b) biooil-charcoal blend distillation for

oak and spruce charcoal produced at 700 and 1100 ◦C





 

5 10 15 20 25 30 35 40 45

Spruce 1100°C recycling

Spruce 700°C recycling

Spruce 1100°C blending

F
ID

 s
ig

n
al

Retention time / min

Spruce 700°C blending

(a) Spruce summary

5 10 15 20 25 30 35 40 45

Oak 1100°C recycling

Oak 700°C recycling

Oak 1100°C blending

F
ID

 s
ig

n
al

Retention time / min

Oak 700°C blending

(b) Oak summary

5 10 15 20 25 30 35 40 45

Oak 1100°C

Oak 900°C

F
ID

 s
ig

n
al

Retention time / min

Oak 700°C

(c) Oak blend distillation

5 10 15 20 25 30 35 40 45

oak 1100°C

oak 900°C

F
ID

 s
ig

n
al

Retention time / min

oak 700°C

(d) Oak biooil recycling

Figure A.4: Summary of the FID signals of (a) spruce and (b)-(d) oak charcoal produced

at 700, 900 and 1100 ◦C

A.7 Solvent extraction

Condensed biooil on the charcoal surface was investigated in a Soxhlet apparatus. Water

and acetone were used as solvents, whereas the weight difference of the dried charcoal

samples before and after extraction was intended to estimate the condensed biooil content.

However, no weight difference was observed for heat treatment temperatures above 500 ◦C

of both biomass, indicating no condensation of the biooil on the charcoal matrix.

A.8 Charcoal-metallurgical coke blending

Figure A.5 shows the differential weight loss curves (DTG) for charcoal and metallurgical

coke in air (21 vol.% O2). Charcoal and metallurgical coke were blended with a ratio of

0:1, 1:3, 1:1, 3:1 and 1:0, corresponding to 0 %, 25 %, 50 %, 75 % and 100 % charcoal. The





       

peak reaction temperature of charcoal and metallurgical coke were 625 ◦C for charcoal,

respectively 825 ◦C for metallurgical coke. It can be noted that the temperature of max-

imum reaction rate of both peaks shifted to lower temperature for increasing blending

ratio, as shown in Figure A.5.
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Figure A.5: DTG curves of charcoal-metallurgical coke blends
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