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Abstract

This study presents the effect of biomass origin on the yield, nanostructure

and reactivity of soot. Soot was produced from wood and herbaceous biomass

pyrolysis at high heating rates and at temperatures of 1250 and 1400◦C in

a drop tube furnace. The structure of solid residues was characterized by

electron microscopy techniques, X-ray diffraction and N2 adsorption. The

reactivity of soot was investigated by thermogravimetric analysis. Results

showed that soot generated at 1400◦C was more reactive than soot generated

at 1250◦C for all biomass types. Pinewood, beechwood and wheat straw soot

demonstrated differences in alkali content, particle size and nanostructure.

Potassium was incorporated in the soot matrix and significantly influenced
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soot reactivity. Pinewood soot particles produced at 1250◦C had a broader

particle size range (27.2 to 263 nm) compared to beechwood soot (33.2 to

102 nm) and wheat straw soot (11.5 to 165.3 nm), and contained mainly

multi-core structures.

Keywords: fast pyrolysis, drop tube reactor, soot, potassium, reactivity

1. Introduction1

Suspension firing of biomass is widely used for power generation and2

has been considered as an important step in reduction of greenhouse gas3

emissions. Biomass gasification offers high conversion efficiency and the pos-4

sibility to handle different lignocellulosic materials to a wide variety of appli-5

cations such as heat, electricity, chemicals and transport fuels [1]. Fast pyrol-6

ysis at high temperatures and at high heating rates is the initial step of the7

suspension biomass firing or biomass gasification depending on the reaction8

atmosphere. During pulverized biomass firing, particles first undergo rapid9

drying and devolatization, leading to the formation of char and volatiles. At10

temperatures below 1000◦C, secondary reactions of volatiles produce mainly11

tars and small amounts of soot; at higher temperatures (1350-1400◦C) these12

reactions produce soot and almost no tars [2, 3].13

In order to reduce aerosol emissions and improvement of radiative heat14

transfer during combustion, it is necessary to understand how soot particle15

properties are correlated with fuel composition and operating conditions [4].16

Understanding soot characteristics is also an important step for the opti-17

mization of gasification processes because the complete conversion of soot is18

desirable to increase syngas yields [5]. In suspension firing, soot can act as a19
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Nomenclature

β Reflection broadening (2Θ)

κ Heating rate (◦C min−1)

λ Wavelength (nm)

µg Geometric mean of Ai

π∗ π bonds

σ∗ σ bonds

σg Geometric standard devia-

tion

Θ Bragg angle (◦)

A Pre-exponential factor (s−1)

Ai Set of numbers

Acr Area of TG crucible (mm)

AG,π∗ Relative area of π* peak

AG,σ∗ Relative area of σ* peak

dp Particle diameter (nm)

d002 Interlayer distance (Å)

dsep Distance between graphene

layers (nm)

Ea Activation energy (kJ

mol−1)

KSc Scherrer constant

La Lateral extension (Å)

Lc Stacking height (Å)

m Multiple cores

N Number of layers

n Number of experiments

R Gas constant (J mol−1 K−1)

r Ratio of relative areas

rdiff Diffusion controlled rate (%

min−1)

rmax Maximal reaction rate (%

min−1)

s Single core

T Heat treatment temperature

(◦C)

X Conversion
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radiating agent which promotes heat transfer in large flames [6]. Soot parti-20

cles absorb heat and re-emit it as disperse radiation. Chen [7] reported that21

the production of both thermal and fuel NOx in coal combustion depended22

on the reaction temperature, and thus, presence of the soot in a coal flame.23

Soot formation reduces NOx levels by enhancing heat transfer [8]. Emissions24

of atmospheric aerosols, including soot, are associated with hazardous health25

effects, because they can contain polycyclic aromatic hydrocarbons (PAH),26

many of which are highly toxic and carcinogenic [9].27

Studies of the physicochemical properties of soot derived from coal and28

hydrocarbon feedstocks [10–13] have identified a number of factors influencing29

reactivity: synthesis conditions, alkali content, particle size, and nanostruc-30

ture [3, 5, 14–16]. Van Setten et al. [17] and Vander Wal et al. [11] point out31

that the feedstock of soot samples influence their properties and oxidation32

reactivity. Liati et al. [16] related the morphology of primary soot particles33

(size, shape and internal structure) to the factors which influence soot oxi-34

dation reactivity. Müller et al. [15] showed that larger graphene layer planes,35

larger crystallites, and concentrically orientated crystallites decrease soot re-36

activity. Some of the alkali metals contained in the biomass are vaporized37

and participate in soot formation and conversion reactions. Several studies38

have addressed the influence of alkali metals on the oxidation reactivity of39

soot from coal pyrolysis [18, 19]. Alkali is known to enhance oxidation of40

graphite [20] and suppress soot formation [21]. Small concentrations of alkali41

catalyze the reactions of carbonaceous materials with oxygen, carbon diox-42

ide, hydrogen and water vapor [22, 23]. Neeft et al. [24, 25] investigated the43

effect of inorganic materials on graphite oxidation rate and soot accumula-44
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tion in a diesel engine, and found that the intensity of contact between soot45

and alkali is a major predictor of soot oxidation rate. Potassium carbonates46

decompose at temperatures higher than 280◦C, leading to increased reaction47

rates of graphite oxidation when alkali carbonates have good contact with48

the carbon[24]. Several studies [26, 27] reported that potassium bonded by49

oxygen to the carbonaceous matrix of soot increases the soot oxidation re-50

activity. Fredenhagen [28, 29] discovered alkali metal-graphite intercalates,51

and showed that graphite can react with alkali metals to form lamellar com-52

pounds in which the planar graphite arrangement remains largely preserved.53

Wen [18] suggested that potassium carbonates may catalyze the gasification54

of coal char and graphite to form carbon monoxides according to equations 155

and 2:56

K2CO3 + 2C→ 2K + 3CO (1)

K + nC↔ CnK (2)

Potassium carbonate reacts with carbon to produce atomic potassium. Elec-57

tron donor-acceptor (EDA) complexes are formed between potassium and the58

carbonaceous matrix of soot. Chen and Yang [20] suggested that alkali met-59

als formed by reaction of K2CO3 with graphite might form C-O-K groups on60

the graphite surface and thereby enhance the reactivity of the carbon matrix.61

Many soot reactivity studies are based on coal [13], liquid [10, 11] or62

gaseous hydrocarbons [12], but only a few have focused on biomass soot,63

which is formed by different chemical pathways [30]. Compared with soot64

from fossil fuel combustion, biomass soot particles are higher in inherent65

oxygen functionality as well as adsorbed organic species such as acids, alco-66

hols and aldehydes [31]. Wiinikka et al. [32] concluded that the concentration67
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of ash-forming elements significantly influences both the shape and nanos-68

tructure of pinewood soot particles during the entrained flow gasification of69

biomass. Septien et al. [3, 33] reported that initial fuel composition, partic-70

ularly potassium content, influenced steam gasification rates of beechwood71

soot significantly. Overall, the conversion of biomass soot generated under72

combustion and gasification conditions remains poorly understood. In par-73

ticular, the influence of biomass type (woody vs. herbaceous), reaction atmo-74

sphere (oxygen and carbon dioxide), and alkali metal impregnation/removal75

on the reactivity of soot prepared at high temperatures have not been previ-76

ously examined. Little is unknown about the various biomass physicochem-77

ical properties that determine soot reactivity towards O2 and CO2.78

In this study, therefore, the impacts of biomass origin, soot nanostruc-79

ture, particle size and inorganic matter content on soot reactivity towards80

O2 and CO2 were investigated. The specific objectives of this study were to:81

(1) obtain knowledge about various stages in particle formation during sus-82

pension biomass combustion and high-temperature gasification (2) determine83

the reaction conditions which minimize soot formation to prevent clogging84

of downstream components and catalyst deactivation in high-temperature85

gasification (3) optimize soot-blower operation and heat transfer during pul-86

verized biomass combustion.87

2. Materials and methods88

Pinewood, beechwood and Danish wheat straw were chosen for the fast89

pyrolysis study in a drop tube reactor (DTF). Fuel selection was based on the90

differences in the ash composition and plant cell compounds (cellulose, hemi-91
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cellulose, lignin, extractives). The wood samples are low in ash, with slightly92

higher potassium and calcium contents in beechwood than in pinewood. Dan-93

ish wheat straw is rich in silicon and alkali (K, Ca, Na).94

Biomass soot samples collected during fast pyrolysis at 1250 and 1400◦C95

were further investigated under O2 and CO2 gasification conditions in a ther-96

mogravimetric analyzer. Reactivities of wood and straw soot were compared97

using reaction rates calculated from the derived kinetic parameters. Ash98

analysis was carried out by X-ray fluorescence instrument only on the wheat99

straw soot to determine the composition of inorganic matter incorporated in100

the soot particle. Equilibrium calculations using the Factsage program and101

Fourier transform infrared spectroscopy (FTIR) analysis were performed to102

characterize water-soluble potassium compounds found in the wheat straw103

soot.104

Reaction rates of non-treated beechwood and wheat straw soot were105

compared with leached samples to investigate the effect of potassium on soot106

reactivity. Soot samples were leached in deionized water by continuous stir-107

ring at room temperature for 30 minutes, followed by drying at 30◦C in an108

oven desiccator. Graphite (Sigma-Aldrich, purity > 99.99 %, particle size <109

45µm) reactivity was compared with soot reactivity in O2 and CO2 gasifica-110

tion. To study the catalytic effect of potassium, KNO3 (Sigma-Aldrich, pu-111

rity > 99.999 %) was diluted in deionized water and added to 50 mg graphite112

to obtain 20 wt. % or 30 wt. % potassium. Samples were dried at 30◦C in an113

oven desiccator for 12 hours. Prior to gasification in 5 % volume fraction114

CO2, graphite impregnated with 20 wt. % and 30 wt. % KNO3 was kept at115

500◦C for 4 hours in N2 using the thermogravimetric instrument to degas the116
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basal plane of the graphite and to calcine the sample to release NO2.117

The generated soot samples were further characterized using X-ray diffrac-118

tion (XRD) and electron energy-loss spectroscopy (EELS) to investigate the119

structural differences in organic (crystal, polycrystalline, and amorphous)120

and inorganic composition. The particle size and nanostructure of woody and121

herbaceous soot samples were analyzed by transmission electron microscopy122

(TEM).123

2.1. Raw biomass characterization124

The ultimate and proximate analysis of the woody and herbaceous biomass125

was carried out at TU Munich, Department of Energy Systems and shown126

in Table 1.127
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Table 1: Proximate, ultimate and ash analyses of fuels.

Fuel Pine- Beech- Wheat

wood wood straw

Proximate and ultimate analysis, (wt.% on dry basis)

Moisturea 5.1 4.5 5.5

Ash (550 ◦C) 0.3 1.4 4.1

Volatiles 86.6 79.4 77.5

HHVb 21.6 20.2 18.8

LHVb 20.2 19 17.5

a wt.% (as received) b in MJ kg−1

C 53.1 50.7 46.6

H 6.5 5.9 6.1

N 0.06 0.13 0.6

S <0.01 0.02 0.1

Cl 0.01 0.02 0.1

Ash compositional analysis, (mg kg−1 on dry basis)

Al 10 10 150

Ca 600 2000 2500

Fe 20 10 200

K 200 3600 11000

Mg 100 600 750

Na 30 100 150

P 6 150 550

Si 50 200 8500

Ti 2 <8 10

2.2. Fast pyrolysis in drop tube furnace128

Soot matter was obtained from fast pyrolysis experiments in the drop129

tube reactor (DTF) at 1250 and 1400◦C. The DTF setup was described in130

detail by Goktepe et al. [34]. The experiments were conducted by feeding ≈131

5 g of biomass at a rate of 0.2 g min−1. Both primary (0.18 m3 min−1 mea-132

sured at 20◦C and 101.3 kPa) and secondary (0.0048 m3 min−1 measured at133

9



20◦C and 101.3 kPa) feed gases were N2. The residence time of fuel particles134

was estimated to be about 1 s, taking into account density changes during135

pyrolysis [35].136

Biomass was rapidly heated and reacted while it fell down through the137

reactor. Reaction products were separated into coarse particles (mainly char138

and fly ashes), fine particles (mainly soot and ash aerosols), and permanent139

gases. Soot particles passing the cyclone (cut size 2.5µm) were captured from140

the product gas flow by a grade QM-A quartz filter with a diameter of 50 mm141

(Whatman, GE Healthcare Life Science).142

2.3. Soot analysis143

Elemental analysis. The elemental analysis was performed on two instru-144

ments of the same model (Eurovector, model EA3000). Acetanilide was used145

as a reference standard. The ash content was determined using a standard146

ash test at 550◦C, according to the procedure described in DIN EN 14775.147

Ash compositional analysis. The ash compositional analysis was performed148

by an X-ray fluorescence instrument (Shimadzu, model EDX 800-HS) at149

TU Munich. Prior to the XRF analysis, soot samples were pre-heated in150

oxygen at 5◦C min−1 up to 550◦C and kept at that temperature for 7 h. The151

generated ash (about 200 mg) was initially mixed and then pressed with a152

special wax (mixture ratio 1:5). The Cl and S content in the ash was analyzed153

by ICP-OES/IC at TU Wien. The ash sample was dissolved in ultrapure154

water at 120◦C for 1 h, and then the solution was filtered and analyzed by155

ICP-OES/IC.156
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FTIR Spectroscopy. The wheat straw soot samples were analyzed by a Thermo157

Nicolet 6700 FTIR spectrometer equipped with a Golden gate (diamond)158

ATR accessory and DTGS (KBr) detector. All transmission spectra were159

obtained in the 4000-600 cm−1 range by 100 scans at 4 cm−1 resolution. For160

background, 200 scans were acquired. A good contact between sample and161

ATR-crystal surface was ensured by the pressure device of the unit (up to162

30000 psi) [36]. All samples were measured in triplicate.163

X-ray diffraction. The crystalline constituents of the soot matter were char-164

acterized using a Bruker D8 AXS X-ray diffractometer with (Cu-Kα1, λ165

= 1.54056 Å and Cu-Kα2 radiation, λ = 1.54439 Å) operating in Bragg-166

Brentano (reflection) mode, using a secondary graphite monochromator, and167

a scintillation detector, in the range 5 to 80 degrees for 12.5 hours. The sam-168

ple was placed in a small cup rotated during data collection. The interlayer169

distance d002, based on similarities with the graphite structure, is calculated170

by Bragg’s equation [37]:171

d002 =
λ

2sinθ(002)
(3)

θ is a Bragg angle. The stacking height (Lc) of the crystallites was estimated172

using the Scherrer’s formula with the constant KSc = 0.9 [38]:173

Lc =
0.9 · λ

β(2θ)(002) · cosθ(002)
(4)

B(2θ) is the sample broadening of the reflection, calculated in radians, at174

full width half maximum (FWHM). The lateral extension (La) was calcu-175

lated using the Scherrer equation with the constant KSc = 1.84 for the two-176

dimensional lattice reflections of the type (hk0) [38]:177

La =
1.84 · λ

B(2θ) · cosθ
(5)
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The number of layers (N) is determined using Lc in equation 6 with the178

assumption that a carbon material consists of parallel layers [39]:179

N =
Lc + d002
d002

(6)

The collected XRD pattern were analyzed using Crystallographica Search-180

Match software (Version 3,1,0,0). The instrumental reflection broadening181

was subtracted from the experimental pattern by Winprep software.182

Thermogravimetric analysis. The reactivity of soot in 5 % volume fraction183

O2 or CO2 (50 cm3 min−1 of O2 or CO2 and 95 cm3 min−1 of N2 measured184

at 20◦C and 101.3 kPa) was determined using a thermogravimetric instru-185

ment (Netzsch, STA 449 F1) by loading 3 mg of sample in an Al2O3 crucible186

and heating from 35 to 1350◦C in O2 and from 35 to 1450◦C in CO2 at a187

constant heating rate of 10◦C min−1. The initial sample mass and heating188

rate used in the TG experiments were selected to minimize possible mass189

transfer limitations that may occur by O2 / CO2 gasification concentration190

gradients through the TG crucible down to the particle bed, through the191

particle bed, and inside of soot particle agglomerates [40, 41]. The results192

of Abian et al. [42] showed that less than 3.5 mg of soot samples should be193

applied to avoid mass transfer limitations using a heating rate of 10◦C min−1
194

in 10 % volume fraction CO2 gasification. The kinetic parameters of soot195

samples were derived by the integral method presented by Coats and Red-196

fern [43]. Through integral transformation and mathematical approximation,197

the linear equation was expressed in the form:198

ln

(
− ln(1−X)

T 2

)
= ln

(
A ·R
κ · Ea

)
− Ea
R · T

(7)
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In equation 7, κ is the heating rate and R is the gas constant. A plot of199

ln(-ln(1-X) T−2) versus T−1 gives a straight line whose slope and intercept200

determine the values of the activation energy (Ea) and pre-exponential factor201

(A). The results of Qin et al. [5] showed that a first order reaction model in202

both soot mass and gasification agent can describe the experimental results203

well.204

The reactivities of wood and wheat straw soot samples were compared205

using reaction rates calculated from the derived kinetic parameters (A and206

Ea) at a fixed oxidation / gasification temperature of 600◦C and 1100◦C.207

N2 adsorption analysis. The specific surface area (SSA) of biomass chars208

was determined based on nitrogen adsorption at the boiling point (77 K).209

To remove surface contaminants, the samples were heated to 350◦C in a dry210

N2 flow prior to the measurement. The multipoint Brunauer-Emmett-Teller211

(BET) theory with seven points in the range of p/p0 from 0.01 to 0.2 is212

applied on the BET instrument (Quantachrome iO2). BET equation was213

used to determine the specific surface area [44].214

Soot pretreatment for the microscopy. Prior to the microscopy, soot samples215

were kept at 350◦C for 4 hours in a thermogravimetric instrument to reduce216

the amount of volatiles. However, the thermogravimetric curves (supple-217

mentary Figure S-9) quantified the remaining volatiles yield to be less than218

5 %. Samples were grounded in a mortar to ensure a homogeneous particle219

distribution and dry dispersed on a lacey carbon copper grid.220

Transmission electron microscopy. Soot morphology and composition were221

studied using either a FEI Titan transmission electron microscope operated222
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at 120 keV or a FEI Tecnai operated at 200 keV, both equipped with an223

Oxford Instruments X-Max SDD EDS detector.224

Electron energy-loss spectroscopy (TEM-EELS). EELS analysis of soot sam-225

ples was performed in the FEI Titan presented before, equipped with a Gatan226

GIF Tridiem spectrometer. For anisotropic materials like graphite and soot,227

the fine structure of the ionization edges is dependent on the orientation of228

the sample and the collection angle of the spectrometer. To compare dif-229

ferent samples, the so called magic-angle condition is used, which minimizes230

the influence of the anisotropic structure [45–49]. Magic-angle conditions231

were chosen by acquiring a spectrum of the C-K edge (about 285 eV) in par-232

allel illumination under two different tilt angles of the sample. The right233

parameters are found as both spectra matches in shape and relative inten-234

sity. The EELS spectra are background subtracted and corrected for multiple235

scattering.236

Particle size distribution analysis using TEM. The particle size of soot sam-237

ples was estimated manually from TEM images using the ImageJ software.238

The clearly visible primary particles were selected for accurate analysis. The239

data were assessed to establish particle size distributions. For the size anal-240

ysis, soot particles were assumed spherical. Particle size analysis was con-241

ducted on 50 particles at each operating condition. The geometric standard242

deviation was calculated as shown in equation 8 [50]:243

σg = exp


√√√√∑n

i=1 ln
(
Ai

µg

)2
n

 (8)
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µg is the geometric mean of a set of numbers Ai. The standard deviation was244

calculated for curvature, fiber length (see definition below) and separation245

distance of graphene layers.246

Graphitic structure. The term graphitic structure was used to compare soot247

nanostructure with graphitic carbon in terms of graphene layer length, curva-248

ture and parallelism within the primary soot particles. The amorphous core249

of the soot particles refers to the short-ranged structures. The curvature of250

a single graphene sheet is defined in equation 9:251

Curvature =
Length

F iber length
(9)

The length is a straight line that connects both ends of a graphene sheet. The252

fiber length is a contour or arc length (supplementary Figure S-12). Both253

length and fiber length were estimated by Gatan Digital Micrograph software254

according to method of Müller et al. [14]. The part of the image with the255

more visible graphene layers was magnified to a size of 10 nm x 10 nm, and256

both length and fiber length were manually determined by the software ruler257

which draws a straight or contour line to connect both ends of a graphene258

sheet.259

3. Results260

3.1. Reactivity261

Figure 1 shows differential weight loss curves (DTG) for the 5 % volume262

fraction O2 and 5 % volume fraction CO2 gasification of soot samples. The263

DTG curves show a single broad peak in both O2 oxidation and CO2 gasifica-264
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tion, indicating a heterogeneous soot mixture with respect to the composition265

and particle size as suggested by Russell et al. [51].266

The oxidation of beechwood and wheat straw soot at both preparation267

temperatures took place at nearly the same temperature range from 350 to268

550◦C, whereas the maximum reaction rate of pinewood soot was shifted to269

temperatures about 100◦C higher than for the other biomasses (in O2 between270

450 and 700◦C). The pinewood soot was clearly less reactive in comparison271

to beechwood and wheat straw soot. The pinewood soot reactivities at 1250272

and 1400◦C in the CO2 atmosphere were nearly similar to graphite with the273

peak temperature at 1350◦C.274

The relative importance of external diffusion on the overall soot oxida-275

tion / gasification in the TG experiments was evaluated by comparing of the276

observed maximal reaction rate (rmax, % min−1) with the calculated diffu-277

sion rate (rdiff , % min−1) of O2/CO2. The influence of convective flow on278

the mass transfer inside the crucible was assumed to be negligible, and so279

mass transport occurs by molecular diffusion only.280

16



2 0 0 4 0 0 6 0 0 8 0 0 1 0 0 0 1 2 0 0 1 4 0 00

2

4

6

8

1 0

1 2

1 4 O 2 :        e x p .  1 2 5 0 ° C    e x p .  1 4 0 0 ° C   g r a p h i t e
C O 2 :     e x p .  1 2 5 0 ° C    e x p .  1 4 0 0 ° C   g r a p h i t e

 

T e m p e r a t u r e ,  ° C

DT
G/

 (%
 m

in-1 ), d
af

 

O 2 C O 2

1(a): Pinewood soot in O2 and CO2

2 0 0 4 0 0 6 0 0 8 0 0 1 0 0 0 1 2 0 0 1 4 0 00

2

4

6

8

1 0

1 2

1 4

C O 2

T e m p e r a t u r e ,  ° C

DT
G 

(%
 m

in-1 ), d
af

 

 
   g r a p h i t e
   g r a p h i t e  w i t h  a d d i t i o n  o f  2 0  %  K N O 3
   g r a p h i t e  w i t h  a d d i t i o n  o f  3 0  %  K N O 3

1(b): Graphite with added KNO3 in CO2

2 0 0 4 0 0 6 0 0 8 0 0 1 0 0 0 1 2 0 0 1 4 0 00

2

4

6

8

1 0

1 2

1 4 O 2 :       e x p .  1 2 5 0 ° C   e x p .  1 4 0 0 ° C   g r a p h i t e
C O 2 :     e x p .  1 2 5 0 ° C   e x p .  1 4 0 0 ° C   g r a p h i t e

 

T e m p e r a t u r e ,  ° C

DT
G/

 (%
 m

in-1 ), d
af

 
O 2 C O 2

1(c): Beechwood soot in O2 and CO2

2 0 0 4 0 0 6 0 0 8 0 0 1 0 0 0 1 2 0 0 1 4 0 0
0

2

4

6

8

1 0

1 2

1 4

C O 2

 s o o t :                  e x p .  1 2 5 0 ° C       e x p .  1 4 0 0 ° C    
 l e a c h e d  s o o t :     e x p .  1 2 5 0 ° C       e x p .  1 4 0 0 ° C  
                          g r a p h i t e   

DT
G 

(%
 m

in-1 ), d
af

T e m p e r a t u r e ,  ° C

 

 

 

1(d): Leached beechwood soot in CO2

2 0 0 4 0 0 6 0 0 8 0 0 1 0 0 0 1 2 0 0 1 4 0 00

2

4

6

8

1 0

1 2

1 4

T e m p e r a t u r e ,  ° C

 
DT

G/
 (%

 m
in-1 ), d

af

 

 
O 2 :     e x p .  1 2 5 0 ° C     e x p .  1 4 0 0 ° C             g r a p h i t e
C O 2 :   e x p .  1 2 5 0 ° C     e x p .  1 4 0 0 ° C            g r a p h i t e 

O 2 C O 2

1(e): Wheat straw soot in O2 and CO2

2 0 0 4 0 0 6 0 0 8 0 0 1 0 0 0 1 2 0 0 1 4 0 00

2

4

6

8

1 0

1 2

1 4

C O 2
 s o o t :                  e x p .  1 2 5 0 ° C           e x p .  1 4 0 0 ° C     
 l e a c h e d  s o o t :    e x p .  1 2 5 0 ° C            e x p .  1 4 0 0 ° C  
                          g r a p h i t e

 

 

 

DT
G 

(%
 m

in-1 ), d
af

T e m p e r a t u r e ,  ° C
1(f): Leached straw soot in CO2

Figure 1: (a),(c),(e) DTG curves of pinewood, beechwood, wheat straw soot samples

and graphite in (5 % volume fraction O2 + 95 % volume fraction N2)(straight line)

and (5 % volume fraction CO2 + 95 % volume fraction N2) (dashed line) (b),(d),(f)

20 wt. % KNO3 and 30 wt. % KNO3 added to graphite, wheat straw and beechwood

soot samples prepared at 1250 and 1400◦C and leached in deionized water. The

reactivity measurements of leached soot samples were carried out in (5 % volume

fraction CO2 + 95 % volume fraction N2). The DTG curves of soot are black

(1250◦C), green (1400◦C) and of graphite (red).
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Soot samples were assumed to be non-porous. The mass transfer of281

product gases on the reaction was neglected, and the temperature within the282

soot layer was assumed uniform. Furthermore, it was assumed that the soot283

particles were distributed equally in the TG crucible.284

Table 2: Kinetic parameters for O2 and CO2 reactivity of pinewood, beechwood,

wheat straw, leached wheat straw, leached beechwood soot samples, pyrolyzed at

1250 and 1400◦C in the drop tube reactor, and graphite and impregnated graphite

with 20 wt. % and 30 wt. % KNO3.

Temperature Ea A rmax at

600◦C

Ea A rmax at

1100◦C

◦C kJ mol−1 s−1 s−1 kJ mol−1 s−1 s−1

O2 CO2

Pinewood soot

1250 250 4·1011 4.5·10−4 270 1·106 7·10−5

1400 252 6·1011 4.9·10−4 275 6·106 2·10−4

Beechwood soot

1250 155 1·108 7·10−2 235 5·105 6·10−4

1400 154 1·108 7·10−2 195 2·105 7·10−3

Wheat straw soot

1250 145 5·107 0.1 183 1·105 0.01

1400 147 1·108 0.15 187 5.6·105 0.04

Leached beechwood soot

1250 239 2.3·105 8·10−4

1400 199 2.3·105 6·10−3

Leached wheat straw soot

1250 208 3·105 4·10−3

1400 194 1·105 5·10−3

Graphite

pure 195 5·106 4·10−9 276 3·106 1·10−6

20% KNO3 236 1·107 0.01

30% KNO3 240 4·107 0.02
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The maximal reaction rate (rmax) measured by the thermogravimetric285

instrument is shown as the first derivative (DTG) at the maximal tempera-286

ture in Figure 1. The mass transfer (rdiff ) of O2/CO2 transfer to the surface287

of the soot particle bed was estimated (supplementary Table S-6). The calcu-288

lated rmax/rdiff ratio in the supplemental material showed that the oxidation289

/ gasification reaction in the TG analysis was mainly influenced by chemical290

kinetic limitations, and to a minor extent controlled by the external diffusion.291

It is interesting to observe that for both O2 and CO2, the maximal292

reaction rate was shifted to lower temperatures with increasing soot forma-293

tion temperature, confirming previous results of Qin et al. [5] and Septien et294

al. [33], and contrary to the usual observation that the reactivity of carbona-295

ceous materials decreases with increasing heat treatment temperature [5].296

The reason for the increased reactivity observed in the TG experiments with297

increasing heat treatment temperature in the drop tube reactor will be dis-298

cussed below.299

The differences in the alkali content and nanostructure of woody and300

herbaceous soot samples are expected to influence the soot reactivity [16,301

20, 21, 32, 52, 53]. The impact of alkali metals on the soot reactivity ap-302

pears to be related to the differences in potassium content among woody303

and herbaceous biomass. The elemental potassium, bonded to the soot ma-304

trix in phenolate groups or intercalated in graphene layers, determines the305

catalytic gasification rate [19, 54]. Chen and Yang [20] suggested that the306

alkali metal formed by reaction of K2CO3 with graphite might form C-O-K307

groups on the surface and thereby enhance the reactivity of the carbon sub-308

strate. In the present study, the catalytic effect of potassium on the soot309

19



reactivity was investigated by impregnating graphite with KNO3. Graphite310

with added 20 wt. % and 30 wt. % KNO3 was subjected to pretreatment in311

the TG analysis in N2 for 4 hours to promote the dispersion of potassium312

throughout the graphite [18, 55] and later to gasification in 5 % volume frac-313

tion CO2. Figure 1(b) shows a shift of the maximal reaction rate to lower314

temperatures from 1350◦C to 1050◦C and 980◦C. This shows that the potas-315

sium impregnation increased the reactivity of a graphite powder during CO2316

gasification.317

The catalytic effect of alkali on soot reactivity was also investigated by318

removal of water-soluble potassium compounds from wheat straw and beech-319

wood soot. The inorganic matter content of the wheat straw soot prepared320

at 1250 and 1400◦C after leaching decreased from 12 to 4 % and from 21321

to 7 % according to thermogravimetric experiments in 5 % volume fraction322

O2. The ash content of beechwood soot after leaching remained unchanged.323

Figure 1(d) shows that the maximal reaction rate of leached wheat straw324

soot prepared at 1250 and 1400◦C shifted to higher temperatures, from 980325

to 1070◦C and from 900 to 1050◦C, showing that the removal of potassium326

leads to a lower reactivity of the soot. The estimated activation energies of327

wheat straw soot prepared at these temperatures increased from 183 to 208 kJ328

mol−1 after leaching and from 187 to 194 kJ mol−1 in Table 2. In contrast,329

the changes in activation energy of beechwood soot were small. Leaching330

of the beechwood did not alter its reactivity as shown by the identical peak331

temperatures for each soot sample preparation temperature (980◦C for soot332

prepared at 1400◦C and 1050◦C for soot prepared at 1250◦C). Potassium re-333

maining in wheat straw soot and beechwood after the leaching was probably334
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bonded to the soot matrix in oxygen-containing surface groups (i.e. car-335

boxylic acids, phenolate) or by the intercalation in graphene layers [56, 57].336

This led to a higher reactivity of leached soot in CO2 gasification compared337

to the potassium lean pinewood soot where the activation energies remained338

higher (≈ 275 kJ mol−1). These results strongly suggest that potassium has339

a dominating influence on the soot reactivity.340

3.2. X-ray diffraction of soot341

As seen in Figure 2, the XRD analysis of soot indicated formation of342

turbostratic patterns correlated to the graphite structure. The broad reflec-343

tions at 25◦ and 43.6◦ show the development of a crystalline phase, where344

if axis ”c” is perpendicular to and axes ”a” and ”b” lie on the plane layer,345

the crystalline reflection will be of type 001 and the two-dimensional reflec-346

tion will be of the index type ”hk0”. The reflection at 25◦ was assigned to347

the parallel graphene layers, which are spaced at a well-defined inter-planar348

distance d002, corresponding to 002 reflection of graphite. The polyaromatic349

structures might be aligned in a similar manner as graphene layers. The re-350

flection at 43.6◦ represented two-dimensional reflections, which arise from the351

ordering of carbon atoms inside the graphite layers, which take independently352

all reflections in space [37]. A broadening of both reflections was attributed353

to the effect of the small crystalline size as quantified in Table 3 [58].354

The average extension of graphene layers (La) and their thickness (Lc)355

were calculated for soot, prepared at 1250 and 1400◦C, and shown in Ta-356

ble 3. The Lc and La values indicated no significant influence of temperature357

and biomass origin on the soot carbon structure. The average extension of358

graphene stacks (La) in the biomass soot was quantitatively similar to that359
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of low-rank coal char (37.6 Å of naphthalene origin) with 4-10 graphene lay-360

ers (N) [59, 60] and different from the graphite structure (La > 100 Å) [61].361

The interlayer distance (d002) was calculated for all soot samples (3.56 Å) by362

equation 3, which was higher than that of graphite (3.34 Å) [37]. However,363

the interlayer distance was comparable with the value typically found for364

carbon black interlayer distance (3.4-3.6 Å) [62, 63]. The lateral height (or365

grain size) was comparable for all six measured samples.366

Table 3: Crystallite dimensions (Lc,002, La,100), determined from XRD measure-

ments.

Lc,002, Å La,100, Å N layers

Soot 1250◦C 1400◦C 1250◦C 1400◦C 1250◦C 1400◦C

Pinewood 18.5 19.8 37.5 37.6 6 7

Beechwood 18 19.2 33 34 6 6

Wheat straw 13.3 13.4 33 36 5 5

The present results show that soot from woody and herbaceous fuels367

could be described as distorted graphite structures with a low graphitic368

stacking of parallel graphene layers, probably embedded in amorphous car-369

bon. The XRD analysis did not show any significant differences between370

woody and herbaceous soot samples in terms of graphitization. The addi-371

tional reflections, detected by the XRD measurements of wheat straw soot,372

represented the inorganic matter such as KCl.373
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Figure 2: XRD analysis of pinewood, beechwood and wheat straw soot samples

(1250 and 1400◦C) in the drop tube reactor.
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3.3. Soot yield and inorganic matter effect374

Figure 3 illustrates that the soot yields from pinewood pyrolysis at 1250375

and 1400◦C were the highest (8.3 % and 6.9 wt. % daf), whereas the wheat376

straw soot yields were the lowest (2.7 and 3.3 wt. % daf). Trubetskaya et377

al. [64] showed that the higher concentration of lignin and resin acids in woody378

samples may lead to a larger formation of PAH precursors and thus higher379

soot yields.380
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Figure 3: (a) The total yield of soot is separated in inorganic and organic fractions of

pinewood, beechwood and wheat straw (1250 and 1400◦C) shown in wt. % relative

to the original biomass ( g g−1 on dry basis); (b) Ash compositional analysis of

wheat straw soot (1250 and 1400◦C) which is shown in g kg−1 on dry basis.

The soot matter from pinewood, beechwood and wheat straw consists of381

organic and inorganic fractions (supplementary Tables S-2 and S-3). The in-382

organic content of soot was determined by thermogravimetric analysis in 5 %383

volume fraction O2. The ash composition analysis of wheat straw soot and384

original biomass was performed by an X-ray fluorescence instrument. The385
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wheat straw soot showed an increasing inorganic fraction when the heat treat-386

ment temperature increased from 1250 to 1400◦C, whereas the inorganic mat-387

ter of the wood soot samples remained small at a level of 0.03 wt. %. Knudsen388

et al. [65] experimentally showed that at high temperatures, KCl sublimation389

and potassium silicates reactions are dominant during devolatilization, de-390

pending on the availability of Si, Cl, Ca and Mg in the original fuel. The391

lower Cl content in the wood might indicate that potassium was released in392

the form of KOH or to a minor extent in the form of KCl [66]. The high Cl393

content in the original wheat straw enhances the release of potassium, leading394

to the higher release of inorganic matter with the increasing temperature [67].395

The ash compositional analysis was carried out only on the wheat straw396

soot, due to the high availability of this sample. The ash analysis indicated397

significant levels of K, Cl, S and Si, which in addition was supported by398

the transmission electron microscopy results. As seen in Figure 3(b), a low399

content of sulfur (up to about 0.02 wt. %) was observed in both straw soot400

samples. Thermodynamic equilibrium calculations using the Factsage pro-401

gram, with input parameters as listed in supplementary Table S-1, show that402

sulfur was most likely released as H2S during biomass pyrolysis, in agreement403

with experimental results from Puri et al. [68, 69]. Possibly the hydrogen sul-404

fide reacts with the soot active sites or by reaction with metals, as observed405

experimentally by Cal et al. [70]:406

C + H2S→ C-S + H2 (10)

C-M + H2S→ C-M-S + H2 (11)

The water-soluble alkali found in wheat straw soot can be related to the407

formation of KCl, KOH, KHCO3 and K2CO3 salts. Equilibrium calculations408
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and X-ray diffraction reflections in this study suggest an incorporation of409

water-soluble KCl in the wheat straw soot. Figure 3(b) shows that the soot410

matter prepared at 1400◦C contained a higher K fraction than soot prepared411

1250◦C. However, the K fraction which reacted / deposited with the wheat412

straw soot at 1400◦C was significantly larger than the fractions of S and Cl.413

Figure 4 shows the IR spectra of wheat straw soot, and the assigned414

species to each IR band.415
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Figure 4: Experimental IR spectra of wheat straw soot prepared (1250 and 1400◦C).

The IR spectra was assigned to: 3600-3200 cm−1 - hydroxyl group [71, 72], 1550-

1500 cm−1 - chelating bidentate carbonate [73], 1402 cm−1 - ionic carbonate [73],

1354 cm−1 - chelating bidentate carbonate [73], 1220 cm−1 - bicarbonate [74] and

1040 cm−1 - organic carbonate bond to K+ [75, 76].

The IR measurements indicated that potassium was mostly deposited416

on the wheat straw soot surface as potassium carbonate and potassium bi-417
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carbonate. Due to the high content of potassium in wheat straw soot, the418

band at 1220 cm−1 was related to formation of potassium bicarbonate. The419

band completely disappears at the higher heat treatment temperature of soot.420

The 1354, 1402 and 1550-1500 cm−1 bands [73] were found in both wheat soot421

samples prepared at 1250 and 1400◦C, and were associated with the forma-422

tion of potassium carbonate. Chen and Yang [20] suggested that potassium423

can be anchored in the phenolate (C-O-K) groups to the carbon surface of424

soot samples. Potassium could also evaporate from wheat straw as potassium425

hydroxide, deposit on soot surface and react with the carbonaceous material426

according to equation 12:427

KOH + soot-OH↔ soot-OK + H2O (12)

Mul et al. [21] ascribed the 1118 cm−1 and 1300 cm−1 bands to the potassium428

phenolate. In the present study, the 1040 cm−1 band may be associated with429

the vibrations of complex organic-like carbonate species bonded to the K+
430

ion (C-O-K) [75, 76]. Moreover, the measured IR signal is proportional to431

the number of groups in the path of IR light. In the present study, the con-432

centration of potassium bonded to the soot matrix in the oxygen-containing433

surface groups was probably low, leading to the low IR signal. Ibrahim et434

al. [77] attributed the 1532 cm−1 and 1348 cm−1 bands to the asymmetric435

and symmetric stretching of carboxyl group bonded to the K+ ion. However,436

these bands were not detected in the present study, probably indicating a437

low content of carboxyl surface groups bonded to potassium in the wheat438

straw soot.439

Wen [18] suggested the formation of the potassium-carbon complexes or440

intercalates (lamellar compounds). Soot samples with a structure closer to441
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graphite could more easily intercalate potassium due to the high electroneg-442

ativity of graphite [78]. The oxygen lean beechwood soot with the more443

graphitic structure compared to pinewood soot may intercalate potassium444

similarly to graphite as discussed in later sections.445

3.4. Particle size analysis446

TEM investigations were carried out to examine the primary particle447

size characteristics of the soot samples prepared at 1250 and 1400◦C. The448

size distribution of the primary soot particles was plotted as a fraction of449

the number of particles in each size range as shown in Figure 5. The cal-450

culated geometric mean diameters varied from 30.8 nm up to 77.7 nm, and451

were similar to the values reported for biomass smoke (30-50 nm) in other452

studies [79, 80]. The primary particle size range gives an interesting insight453

to the soot formation process, which seems to be influenced by the operating454

conditions and biomass origin. Ross et al. [81] hypothesized that the amount455

of volatiles, which is high for woody biomass, is a major factor influencing the456

soot yield and particle size. It was observed that the mean diameter of soot457

samples prepared at 1250◦C was larger, while the particle size distribution458

was less uniform compared to soot samples prepared at 1400◦C. Higher heat459

treatment temperatures led to a narrower particle size distribution for both460

the woody and herbaceous biomass soot.461
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5(c): Beechwood soot (1250◦C)
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5(e): Wheat straw soot (1250◦C)
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Figure 5: Particle size distributions of pinewood, beechwood and wheat straw soot

samples (1250 and 1400◦C). The particle size analysis was performed by the TEM.

The mean diameter with the standard deviation, minimal and maximal diameters

are illustrated. On the left y-axis, the number of particles in the fraction is shown

, whereas on the right y-axis, the particle frequency distribution, based on volume

(q3) is illustrated in % mm−1. The analysis was performed on 50 particles in each

sample.
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Specifically, the mean diameter of pinewood soot particles prepared at462

1250◦C was almost twice as large as that of soot prepared at 1400◦C. The463

pinewood soot produced at 1250◦C resulted in the broadest particle size464

distribution from 27 to 263 nm compared to beechwood soot from 33.2 to465

102 nm and wheat straw soot from 11.5 to 165.4 nm. The high potassium466

content in wheat straw may have inhibited coagulation of soot particles,467

leading to the smaller particle size of 30.8 nm compared to other soot samples.468

The larger mean diameter of pinewood soot particles was also confirmed469

by the specific surface area measurements using N2 adsorption as shown in470

Table 4.471

Table 4: BET surface area (SSA) of pinewood, beechwood and wheat straw soot

samples, determined by N2 adsorption m2 g−1.

Soot
1250◦C 1400◦C

m2 g−1

Pinewood 37.9 38.4

Beechwood 56.3 74.3

Wheat straw 70 92.3

The beechwood and wheat straw soot particles attained a larger surface472

area (56.3-92.3 m2 g−1) than the pinewood soot (37.9-38.4 m2 g−1). The sur-473

face areas of pinewood soot particles generated at 1250◦C and 1400◦C were474

similar, while the mean particle size determined by TEM microscopy de-475

creased from 77.7 to 47.8 nm. The surface area determined by N2 adsorption476

might not only reflect the surface area of individual particles, but also be in-477

fluenced by the type of agglomerate. TEM characterization gives information478

about individual particles.479
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6(a): Pinewood tar balls (1250◦C) 6(b): Non-spherical pinewood soot (1250◦C)

6(c): Beechwood soot (1400◦C) 6(d): Wheat straw soot (1400◦C)

Figure 6: TEM images of particle agglomerates of pinewood, beechwood and wheat

straw soot samples (1250 and 1400◦C). (a) Pinewood tar balls (1250◦C) (b) Non-

spherical pinewood soot (1250◦C) (c) Beechwood soot (1400◦C) (d) Wheat straw

(1400◦C)

The larger particles with a diameter from 100 to 263 nm appear to be480
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tar balls as reported by Posfai et al. [82, 83]. Pinewood produced at 1250◦C481

formed chain-like structures of tar balls, whereas wheat straw soot particulate482

formed large agglomerates consisting of smaller particles dispersed on the483

tar ball surface as shown in Figure 6. Posfai et al. [82, 83] suggested the484

formation of tar balls from low volatile organic compounds, such as lignin485

pyrolysis products under smoldering conditions. Wiinikka et al. [32] observed486

similar larger soot particles (100-300 nm) at high temperatures in pinewood487

pressurized gasification. Arora et al. [84] reported that under smoldering488

conditions, the nature of lignocellulosic materials (wood, cow dung, mustard489

stalks) influenced the formation of tar balls, leading to various particle size490

distributions. The formation of larger particles at 1250◦C may be related to a491

higher concentration of PAH components, which contribute to the growth of492

the soot particles. At higher temperatures, cracking of the PAH components493

would be promoted, limiting their contribution to the growth.494

3.5. Surface structure495

The nanostructure of the soot, prepared at 1250 and 1400◦C, was studied496

by TEM as shown in Figure 7. The woody and herbaceous soot appeared as497

agglomerates. The nanostructure of the soot particles was well-ordered. The498

primary soot particles exhibited a core-shell structure, with both single and499

multiple cores as shown in Figure 7.500

The primary particles in pinewood soot produced at 1250◦C consisted501

of a mixture of single and multi-core structures, but at higher temperatures502

they contained mainly single cores, similar to the wheat straw soot prepared503

at 1250 and 1400◦C. The primary particles in beechwood soot also possessed504

a mixture of single and multiple cores.505
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7(a): Pinewood soot (1250◦C) 7(b): Multi-cores of pinewood soot

(1250◦C)

7(c): Beechwood soot (1400◦C) 7(d): Wheat straw soot (1250◦C)

Figure 7: TEM images of soot generated from (a)-(b) pinewood (1250◦C), (c)

beechwood (1400◦C) and (d) wheat straw (1250◦C). In Figure (a) the distance

between graphene layers is enlarged using the red rectangle. In Figures (b)-(d) the

arrows show the multiple cores of soot particles.

Compared to the pinewood soot produced at 1250◦C, the beechwood506

33



soot particles were located closer to each other due to the particle coalescence507

at an earlier stage. Liati et al.[16] related the multi-core structure to an508

early phase of soot formation by nuclei coalescence and further development509

as a single particle. The multi-core structure of pinewood soot produced at510

1250◦C reflects formation by coalescence of several smaller particles, with511

this process governed by the particle concentration, as suggested by Lee et512

al. [85]. Due to the highest soot yield at 1250◦C and the ability of pinewood513

to generate more soot compared to beechwood and wheat straw, the primary514

soot particles probably coalesced with other soot particles forming multi-core515

structures. Both fine and large primary soot particles consisted of monolayers516

of graphene sheets, which grow circumferentially from the particle core. The517

shell of small particles provided a clear fringe contrast from the stacking of518

the graphene layers, which is less obvious for larger particles due to their519

thickness (supplementary Figure S-3). This limitation also applied to the520

core of the larger particles, which characterization was not possible. Still,521

the shell nanostructure of smaller and larger particles seems to be similar as522

shown in Figure 7 and in supplementary Figures S-2 and S-3.523

Figure 7 shows that the particle cores consist mainly of randomly orien-524

tated and curved graphene layers. Su et al. [86] investigated the reactivity525

of soot formed in the exhaust from diesel engine with respect to oxidation,526

and described a soot core as a highly reactive area of a soot particle due to527

the defects on the surface being functionalized with volatile groups. They528

hypothesized that the defective non-6-membered rings may produce highly529

localized olefinic electronic structures in the soot core that are prone to oxi-530

dation.531
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All soot samples exhibited a well-ordered graphitic structure. The graphene532

segments of the samples were mainly placed parallel to each other, and were533

relatively straight with the smaller curvature of an average particle size (flat534

graphene ≈1 [14]) as shown in Table 5.535

Table 5: Summary of soot characteristics (cure, curvature, separation distance) pre-

pared from pinewood, beechwood and wheat straw pyrolysis at 1250 and 1400◦C.

Standard deviation was calculated for curvature and separation distance.

Soot
1250◦C 1400◦C

Fiber Curvature2 dsep1,2 Core3,4 Fiber Curvature2 dsep1,2 Core3,4

length length

nm nm nm nm

Pinewood 2±0.8 0.88±0.02 0.33±0.01 mostly m 2.2±0.9 0.88±0.02 0.34±0.02 m & s

Beechwood 3.1±1.1 0.88±0.02 0.35±0.02 m & s 3.2±1.2 0.88±0.02 0.35±0.02 m & s

Wheat straw 2.7±0.9 0.85±0.05 0.35±0.02 s 2.6±1 0.86±0.05 0.35±0.02 s

1 Separation distance

2 Calculation of mean curvature and dsep of graphene layers measured only on crystallites

3,4 s - single core and m - multiple cores

Table 5 summarizes the characteristics of different soot samples with536

regards to single or/and multiple cores, curvature and separation distance537

of graphene layers. The mean separation distance of woody and herbaceous538

soot graphene segments was measured to be < 0.35 nm, which is similar to539

the layer distance determined by X-ray diffraction.540

3.6. TEM-EELS Measurements541

The carbon core-loss edge (C-K edge) at about 285 eV was recorded un-542

der magic-angle conditions to reduce the possible influence of anisotropy of543

the sample [47, 87]. Figure 8 shows the EELS spectra of graphite tilted in544
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two different directions, verifying magic-angle conditions. The spectra were545

collected in diffraction mode. Due to limitation of the selected area diffrac-546

tion aperture, agglomerates of typical 1-7 soot particles of different sizes547

were probed, with a total of 15-20 agglomerates per soot sample prepared at548

1400◦C.549

Figure 8: TEM-EELS averaged spectra of pinewood, beechwood and wheat straw

soot samples (1400◦C) which are shown by black, green and red lines. TEM-EELS

spectra of graphite is shown by cyan and blue lines. The graphite was tilted in

two different directions to verify magic-angle conditions. Maxima of 1 s-π* and 1

s-σ* transitions were illustrated by π* and σ* symbols.

The C-K edge showed mainly two distinct maxima, one at about 285 eV550

of 1 s-π* transitions, which was attributed to C=C bonds (sp2 hybridiza-551

tion), and a second at about 292 eV of 1 s-σ* transitions, attributed to C-C552
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bonds (sp3 hybridization) as shown in Figure 8. To quantify the amount of553

sp2/sp3 hybridized carbon and to compare the samples, the two peaks were554

fitted by individual Gaussian peaks. The ratio of the area under the Gaus-555

sian curves, r = AG,π∗ / AG,σ∗, gave an indication about the sp2/sp3 ratio in556

the probed volume (supplementary Figure S-5). A defect-free clean graphite557

should give a ratio of about 0.33. From the manual fitting of these two peaks558

of the measured graphite a ratio of about 0.24 was calculated. This could559

be due to defects or amorphous carbon contamination, which reduced the560

amount of sp2 hybridized carbon and increased the amount of sp3 carbon.561

From the fit (supplementary Figure S-5) it was obvious that these two peaks562

did fully resemble the spectra in this energy region. Additional intensity563

was required between 287 and 289 eV, presumably due to non-carbon-carbon564

bonding [14, 88–91]. The ratio for all three soot samples was higher than for565

pure graphite, 0.28-0.36 [92]. As graphite is the material with the highest566

sp2/sp3 ratio, this indicate that fewer sp3 carbon-carbon bonds were present567

in soot. This is in agreement with the visible nanostructure, indicating de-568

fective graphene flakes, which were probably terminated by for example C-H569

bonds. The present EELS data suggest a structure closer to graphite for570

wheat straw and beechwood soot than for pinewood soot. The spectra of571

individual agglomerates within one sample showed no significant differences.572

No obvious particle size dependence of the spectra was observed.573

An O-K edge was present in the EELS spectra of several wheat straw574

soot agglomerates. No oxygen edge was detected for pinewood and beech-575

wood soot. Additionally, beechwood and wheat straw soot showed two ad-576

ditional peaks at about 298 eV and 300.5 eV for several agglomerates, which577
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were assigned to the K-L2,3 edge of potassium. In wheat straw soot both,578

the oxygen and potassium edge were detected for the same agglomerates.579

4. Discussion580

The thermogravimetric experiments demonstrated significant differences581

in the reactivity of pinewood, beechwood and wheat straw soot towards O2582

and CO2. The reaction rate measured by TG instrument was mainly limited583

by chemical kinetics, while the importance of diffusion limitations, calculated584

under the assumption of reaction taking place on the outer surface of non-585

porous soot particles (supplementary Table S-6) was small. The oxidation586

of the beechwood and wheat straw soot prepared at 1250 and 1400◦C took587

place at nearly the same temperature range, whereas the maximum reaction588

rate of pinewood soot was shifted to higher temperatures, indicating a lower589

reactivity. Woody and herbaceous soot samples prepared at 1250◦C were less590

reactive than soot produced at 1400◦C at both oxidation and CO2 gasification591

conditions.592

The reactivity of soot samples can be affected by the differences in alkali593

content, particle size and soot nanostructure. Liati et al. [16] reported that594

soot nanostructure may affect the oxidation reactivity. Low separation dis-595

tances (close to that of graphite) and high periodicity lead to lower oxidation596

of soot, while the more bent graphene layers might enhance the reactivity.597

The EELS analysis showed that the nanostructure of beechwood and wheat598

straw soot was more similar to graphite compared to the nanostructure of599

pinewood soot. Thus, based on structure alone it might be expected that600

pinewood soot should be reactive than the soot from beechwood and straw.601
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However, it was observed that the low-ash containing pinewood soot pre-602

pared at 1250 and 1400◦C was 143 and 571 times less reactive than the alkali603

rich wheat straw soot in CO2 gasification. Significantly smaller differences in604

CO2 reactivity were observed for the beechwood soot prepared at 1250 and605

1400◦C compared to pinewood soot (8 and 35 times), respectively. The par-606

ticle size of wheat straw soot at 1250◦C was two times smaller than pinewood607

soot, whereas the reaction rate of wheat straw soot was 143 times higher than608

pinewood soot as shown in Table 2. This indicates that neither soot structure609

nor particle size had a stronger influence on the observed differences in soot610

reactivity. In addition, the differences in nanostructure of pinewood, beech-611

wood and wheat straw soot were small compared to that of soot prepared612

by pyrolysis of acetylene and benzene, where the formation conditions have613

significantly more influence on the soot nanostructure [11].614

The results show that it is the presence of potassium in beechwood615

and wheat straw soot which mainly affects the reactivity during CO2 gasi-616

fication. Based on the TEM EELS, XRD and FTIR analysis results and617

equilibrium calculations with Factsage it was concluded that the potassium618

species were incorporated in the wheat straw soot particles mostly as KOH,619

KCl, KHCO3 and K2CO3 and to a minor extent bonded in the soot matrix620

to the oxygen-containing surface groups. In beechwood soot, potassium was621

likely intercalated in the graphene layers because the oxygen content was622

below the detection limit of the TEM EELS and elemental analysis. The623

removal of water-soluble potassium from wheat straw soot by leaching led to624

a lower reactivity in CO2 gasification at 1250 and 1400◦C (by factors of 2.5625

and 8, respectively). Furthermore, the activation energy of leached wheat626
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straw soot was higher than that of non-treated wheat straw soot samples,627

indicating loss of catalytic activity by potassium removal. The leaching of628

beechwood soot did not, however, influence its reactivity. The potassium629

content of beechwood soot was lower than for wheat straw soot, and the630

major part was likely bonded to sites from which it was difficult to wash out631

(e.g. intercalated or in phenolates etc). Even after leaching, the reactivity632

of straw and beechwood soot was higher than that of pinewood soot. For633

example, the rate constants of leached wheat straw prepared at 1250 and634

1400◦C were 57 and 25 times higher than pinewood soot which has a very635

low potassium content and shown in Table 2. This indicates that potassium636

has a dominant role on the soot reactivity and that both potassium deposited637

on the surface particles and potassium incorporated into the soot matrix can638

influence the reactivity. In addition, the reaction rates (0.01 and 0.02 s−1)639

of potassium impregnated graphite with 20 % and 30 % KNO3 and the re-640

action rates (0.01 and 0.04 s−1) of wheat straw soot prepared at 1250 and641

1400◦C were of the same order of magnitude in CO2 gasification, indicating642

the reactivity increase by graphite impregnation with potassium.643

The observation made by Qin et al. [5] and Septien et el. [33] in terms of644

the increasing soot reactivity with increased heat treatment temperatures was645

confirmed in the present study. The reaction rate of pinewood, beechwood646

and wheat straw soot generated at 1400◦C was 4, 12 and 3 times higher647

than the reactivity of soot prepared at 1250◦C. The specific surface area of648

pinewood soot prepared at 1400◦C was significantly larger (by 1.6, 1.2 and649

1.4 times) than that of soot generated at 1250◦C. The results showed that the650

reaction rates of woody and herbaceous biomass soot at both temperatures651
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increased faster than the soot surface area increased. This shows that another652

more dominating factor, i.e., the potassium content, affects the differences in653

reactivity in O2 and CO2 gasification.654

5. Conclusion655

Fast pyrolysis of pinewood, beechwood and wheat straw was conducted656

in a drop tube reactor to study the effect of biomass type on the yield,657

nanostructure and reactivity of soot at high temperatures. The soot yields658

from pinewood pyrolysis at 1250 and 1400◦C were the highest (8.4 % and659

6.7 wt. % daf), whereas the wheat straw soot yields were the lowest (2.5 and660

2.7 wt. % daf).661

The major difference in the soot morphology was related to the forma-662

tion of irregular-shaped pinewood soot particles with mostly multiple cores,663

whereas beechwood and wheat straw soot samples were mainly single core664

structures at both investigated temperatures. Minor differences in particle665

size were also observed. Larger soot particles were formed by pyrolysis of666

pinewood at 1250◦C as to soot generated at 1400◦C and beechwood and667

wheat straw soot prepared at both temperatures. The particle size distribu-668

tion of pinewood soot generated at 1250◦C was significantly broader (from669

27 to 263 nm), compared to other soot samples. The differences in nanos-670

tructure of wood and wheat straw soot were small, except for presence of671

single and multiple cores.672

The thermogravimetric analysis results showed that the soot reactivity673

towards O2 and CO2 depends mainly on the potassium content in the original674

fuel and on the heat treatment temperature and less on the soot nanostruc-675
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ture. For fuels with a high potassium content, there will be higher potassium676

release to the gas phase in the temperature range from 1250 to 1400◦C, and677

so more potassium incorporates in the soot particles. The temperature (1250678

or 1400◦C) at which soot was formed therefore affects strongly the soot reac-679

tivity in CO2 gasification and to a minor extent at oxidation conditions. The680

pinewood soot was less reactive than beechwood and wheat straw soot gen-681

erated under similar operating conditions due to the low potassium content682

of the original pinewood, despite the pinewood soot having a less graphitic683

structure. The potassium was present both as water-soluble alkali and incor-684

porated with the oxygen containing surface groups in the soot matrix and685

both contributed to the higher reactivity of beechwood and wheat straw soot686

in CO2 gasification.687
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