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Abstract - There has been an upsurge of interest in using high density and low volatile matter 11

charcoal to replace coke and coal in the manufacture of aluminium and steel due to its potential 12

to reduce net greenhouse gas emissions from the production process. ‘White’ charcoal is 13

envisaged as a potential candidate for this application. It is synthesized by pyrolysing wood at 14

low temperature (~240ºC) for 120 hours, and then raising the kiln temperature to ~1000ºC 15

towards the end of the carbonization process. The charcoal is then withdrawn and smothered 16

with a moistened mixture of earth, sand and ash. However, to date, little is known about the 17

structure of this form of charcoal, which is essential before this material can be widely applied in 18

extractive metallurgy. Characterization of white charcoal with nuclear magnetic resonance and x-19

ray photoelectron spectroscopy revealed a high fixed carbon content (>95 wt%) with ~82 at.% of 20

the carbon present in the form of condensed aromatic rings. Scanning electron microscope 21
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analysis depicts a porous microstructure with pores ~100 µm in diameter aligned across the 22

surface and a high density of macropores <10 µm in diameter scattered across the surface. 23

Transmission electron microscope and x-ray diffraction analysis of white charcoal showed a 24

mainly amorphous carbon structure with localized regions of crystalline graphite and calcites. 25

The suitability of white charcoal as a replacement for coke is also discussed.  26

27

Keywords : white charcoal; characterization; porosity; graphite28

1. Introduction29

‘White’ charcoal, also known as shiro-zumi or binchotan, is a traditional material widely used, 30

especially in Japan, in a range of applications including in food preparation, as a smoke-free 31

barbeque fuel. It is synthesized by pyrolysing hard woods, such as oak, at a relatively low 32

temperature (~200-400 ºC) for a period, typically of a few days, and then raising the kiln 33

temperature to ~1000 ºC towards the end of the pyrolysis process [1]. The white-hot charcoal is 34

then withdrawn and smothered with a moistened mixture of earth, sand and ash. The term white 35

charcoal arises from the use of ash to quench the material, which gives a pale grey hue to the 36

charcoal surface. In addition to being used as fuel, products made from white charcoal including 37

water purifiers, shampoos, and dehumidifiers are also readily available, especially in Japan. 38

Some other applications of white charcoal include its use in radio frequency (RF) shielding [2], 39

as an electromagnetic wave absorber [3-4], and as a bathroom deodorizer [5], which suggests 40

that white charcoal has a range of novel properties. 41

42
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Although widely used, almost nothing is known about the microstructure of white charcoal. 43

Miao et al. [6] examined white charcoal particles using scanning electron microscopy (SEM), 44

where it was shown that they exhibit a high density of pores, typically less than 10 µm in 45

diameter, interspaced between larger pores typically around 50 µm in diameter. BET analysis of 46

white charcoal by the same authors revealed a surface area of ~270 m2/g. Miura [1] showed that 47

white charcoal has a higher density and that the white charcoal that is carbonized from some 48

wood feedstocks is denser than water. The measured densities of charcoal were found to reach a 49

maximum at a final processing temperature of ~1000°C and it was deduced that the mechanisms 50

involved in restructuring the carbonized wood at this temperature affect the morphology of the 51

microstructure more than the morphology of the macrostructure [7]. The ignition point of white 52

charcoal (300°C to 500°C) is also higher, and the yield of white charcoal is typically around 5% 53

lower, compared with conventional black charcoals due to the final higher processing 54

temperature employed. Miura [1] also found increasing the higher final temperature increased 55

the hardness of the resultant white charcoal.  White charcoal was also found to have a high 56

adsorption capacity, where research has shown that gases such as ethylene [8], acetic acid vapour 57

[9], and hydrogen [6] are strongly adsorbed by white charcoal. Wei et al. [10] found that white 58

charcoal is strongly hydrophilic, whereas Hirokazu et al. [11] found that white charcoal is an 59

effective additive to improve water quality through its high cation and anion leaching properties, 60

as well as its high dissolved biochemical oxygen demand (BOD) adsorptive capacity. Even 61

though white charcoal possesses many desirable properties, no detailed microstructural 62

characterization of white charcoal has been carried out to the best of the authors’ knowledge.63

64
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A number of countries are now looking at using high density and low volatile matter charcoal to 65

replace coke and coal in the manufacture of aluminium and steel [12-13]. The main driver for the 66

use of charcoal is the reduction in greenhouse gas emissions in the production process. Low 67

density charcoal, with a relatively high volatile content, could potentially be used as a fuel in 68

blast furnaces. For specialist applications, such as carburisation, the charcoal must have a higher 69

density and a lower volatile content.  As such, white charcoal is a potential option for this 70

application. However, for white charcoal to find application in the steel industry, more detailed 71

analysis of its physical and chemical properties is first required. The objective of this paper is, 72

therefore, to present for the first time a detailed microstructural, chemical and spectroscopic 73

characterization of white charcoal through a variety of methods, and to correlate the structure to 74

both the processing conditions used and properties exhibited. 75

76

2. Materials and Methods77

500g of white charcoal samples were obtained in the form of small logs (10 cm x 2 cm x 2 cm) 78

supplied by Kemmy-Hi-Tek Ltd 175 Kamishiraki, Gyokuto-machi, Tamana-gun, Kumamoto 79

Pref., Japan. Samples were crushed into millimeter-sized pieces prior to analysis. Various 80

samples of these were used for analysis where possible. According to common procedures in 81

charcoal analysis, representative mixtures from the set of samples were prepared where higher 82

quantities are used only once (Nuclear magnetic resonance (NMR), X-ray photoelectron 83

spectroscopy (XPS)). White charcoal is made in clay kilns whose height to length is maintain 84

between 1:1 and 1:2.  The chimney is at the back of the kiln on the floor and the door height is 85

approximately ¾ of the maximum height of the kiln. Oak wood is stacked vertically in the kiln86
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and an external wood fire is ignited to slowly dry the oak and then to release the chemical water.  87

The temperature of the wood is brought up to approximately 200°C and allowed to torrefy for a 88

period of approximately 120 hours.  The temperature is then increased to 600°C at 40°C/hr and 89

then raised to approximately 1000°C at 50°C/minute. The charcoal is removed after 2 hours at 90

1000°C and quenched with a moist mixture of ash, clay, and sand. The kilns are run by 91

experienced operators who very carefully control the rate of change in temperature and the white 92

charcoal produced are sold internationally to a consistent standard and quality.93

94

Ultimate and proximate analyses were performed by Bureau Veritas International Trade Pty Ltd 95

in Australia using the relevant Australian standards (AS1038.3, AS1038.6.1 and AS1038.6.2). 96

Density was measured using the water displacement method. XPS analysis was performed on a 97

Thermo Scientific ESCALAB250Xi using a 500µm diameter beam of monochromatic Al-Kα 98

radiation (photon energy = 1486.6 eV) at a pass energy of 20 eV. The core level binding energies 99

(BEs) were aligned with respect to the C1s BE of 284.8 eV. X-ray diffraction (XRD) was carried 100

out using a Philips X’pert Pro Multipurpose X-ray Diffraction System. A Cu source was used 101

where the wavelength of Kα1 is 0.15406 nm and the wavelength of Kα2 is 0.15444 nm. A 102

continuous scan was carried out with the scan range covering 2 values from 10° to 90°. BET 103

(Brunauer–Emmet–Teller) surface area were measured using a Micromeritics Tristar 3000 104

nitrogen adsorption apparatus at 77 K. The white charcoal particles were degassed under vacuum 105

in a Micrometric VacPrep unit at 250°C overnight prior to surface area analysis to remove 106

adsorbed water and volatile organics on the surface.107

108
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Solid-state NMR spectra were acquired using a Bruker Avance III-300 spectrometer operating at 109

75.39 MHz, and 299.77 MHz for 13C and 1H respectively, with a Bruker 4-mm double air-110

bearing cross-polarisation (CP) magic angle spinning (MAS) probe. To ensure representative 111

analysis, finely ground, equal portions of several white charcoal samples (ca. 50 mg) were 112

packed into 4-mm outside diameter zirconia rotors, and spun at 10 kHz MAS, the maximum 113

allowed by the sample itself. These samples were highly conducting, which made normal data 114

acquisition with 1H decoupling very challenging, so caution needed to be applied. The 13C 115

spectra were acquired with 5 s recycle delay and with a single pulse, direct detection without 116

decoupling, or with a Hahn echo (-90-delay-180-) and high-power SPINAL-64 1H decoupling 117

on during the echo. 1H decoupling was achieved with the SPINAL-64 sequence having an 118

effective field strength of ~50 kHz used in specific experiments. Approximately 12-20 k scans 119

were acquired for sufficient signal/noise.  The free induction decays were processed with zero-120

filling to 8 K prior to Fourier transformation with Gaussian broadening. Chemical shifts were 121

referenced to the carbonyl peak of solid glycine at C 176 ppm, and this sample was also used to 122

set up the Hartmann-Hahn matching for CP. For the labeled benzene experiment, [U-13C]-123

benzene (5 mg, 99 atom%, Cambridge Isotopes, USA) was added to the white charcoal, and then 124

packed into the 4 mm rotor, for data acquisition.125

126

Scanning electron microscope (SEM) analysis of the microstructure of white charcoal was 127

performed using a Hitachi S3400 SEM. Analysis of approximately ten white charcoal pieces was 128

carried out to determine the range of particle types and their nominal composition.129

Approximately fifteen different white charcoal pieces (based on size and physical characteristics) 130

were then mounted in epoxy resin and polished using methods described by Chia et al. [14].  131
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Distinctive phases were identified and elemental analysis was then carried out on polished cross-132

sections using a JEOL JXA-8500F Field-Emission SEM-EPMA (electron probe micro-analyzer). 133

Transmission electron microscope (TEM) samples were prepared by pulverizing the charcoal 134

and dispersing the powder in ethanol and pipetting droplets onto a holey carbon 3mm copper 135

grid. The samples were then examined using a Philips CM 200 TEM to which energy dispersive 136

X-ray spectroscopy (EDS) facilities were attached. To ensure representative analysis more than 137

ten pieces were examined using both SEM and TEM due to the relatively heterogeneous nature 138

of the charcoal particles. However, the observations made across the particles examined were 139

found to be broadly consistent and the micrographs shown in this paper are representative of the 140

areas examined.141

142

3. Results and Discussions143

144

Proximate analysis of white charcoal (Table 1) showed the material to be >95% (by mass) fixed 145

carbon with an ash content of 2.1% and low volatile matter content, which is broadly similar to 146

prior studies of commercially available white charcoal carbonized from oak wood [15]. The 147

fixed carbon content was found to be similar to the fixed carbon content of olive stones 148

carbonized at 1000°C and much higher compared to other biomass, such as tree cuttings and 149

grape vines, carbonized at a similar temperature [16], which suggest that besides that final 150

carbonizing temperature, the raw materials used may determine the final fixed carbon content.151
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The high fixed carbon content of white charcoal could be attributed to the low ash content of the 152

oak wood used as a feedstock. The low volatiles content of white charcoal indicates that it is 153

difficult to ignite due to the lack of readily combustible low molecular weight compounds and 154

that it burns very cleanly [16], consistent with the reported properties of white charcoal by one of 155

its commercial manufacturers [17]. The wood is torrefied at 240°C and the long steaming time at 156

low temperatures (~200°C) slowly degrades the lignocellulosic structure of the biomass and 157

results in a charcoal that probably has different chemical and physical properties to those 158

produced at higher heating rates and temperatures [18]. The prolonged heating time at low 159

temperatures will cause the white charcoal to have higher water absorption and broadened pore 160

size distribution due to the slowly degrading lignocellulosic structure of the wood [19]. The long 161

heating time can also lead to deacetylation, and the acetic acid released can act as a 162

depolymerization agent and promote the decomposition of polysaccharide [20]. The high 163

temperatures used while producing white charcoal are also reflected in the low H/C (0.061) and 164

O/C (0.026) ratios. The H/C ratio of less than 0.1 suggests that white charcoal has a graphite-like 165

structure [21]. The density of the white charcoal was measured to be 1.27 g/cm3, which is higher 166

than the density measured by Miura [1]. The BET surface area was measured to be 0.183 m²/g, 167

which is lower compared to the value reported by Rajkovich et al. [22] for non-activated oak 168

biochars synthesised at 600 °C. This could be due to the higher HTT used for the production of 169

white charcoal, which could cause the collapse of the pores and thus result in a lower surface 170

area. 171

172

The XPS wide scan spectrum for white charcoal is shown in Fig. 1a and the deconvolution of the 173

carbon 1s peak is shown in Fig. 1b. The carbon 1s peak was deconvoluted into four different 174
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peaks [23-24], where binding energies of 285.0 eV, 286.2 eV, 287.2 eV and 288.4 eV, 175

correspond to C-C/C=C, C-O-C, C=O and a π -π* shake up feature respectively. The graphitic 176

(C=C) and the aliphatic (C-C) are fitted together into one peak due to the close proximity of their 177

binding energy [25].  Table 2 shows that white charcoal has a total carbon content of ~93 at.% 178

with ~82 at.% of the carbon present in the form of condensed aromatic rings and aliphatic groups. 179

Very few oxygenated functional groups were detected by XPS, which is consistent with the 180

findings of the proximate and ultimate analysis and again suggest that white charcoal is 181

chemically stable. The low concentration of oxygen atoms that remained even after carbonizing 182

at 1000°C are involved in the cross-linking of the carbon microstructure, which produces a non-183

graphitizing hard carbon [26]. The π -π* shake up satellite peak at ~290 eV can be attributed to 184

the effect of polycondensed carbon cluster development that leads to the formation of a 185

delocalized π electron system [27].  Nishimiya et al. [24] showed that the peak width of the C1s 186

spectrum gets sharper, whereas the intensity of the O1s peak decreases, as the carbonization 187

temperature increases. The structural characteristics deduced from the XPS studies are supported 188

by measurements using 13C solid-state NMR spectroscopy as discussed below.189

190

White charcoal displays a high degree of conductivity that makes solid-state NMR spectroscopy 191

of the material very challenging. The influence of this conductivity is two-fold. Firstly, the 192

quality factor of the probe, which is the direct measure of how efficiently electrical power is 193

converted into the radio frequency pulses necessary for NMR, is significantly affected. In the 194

current case, the quality factor of the probe deteriorated to the point that high power 1H 195

decoupling during acquisition could not always be safely performed. Secondly, the conductive 196

nature of the white charcoal limits the ability to spin the NMR rotor at maximum speed in the 197
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magnetic field. In this instance by limiting the sample volume to only half the 4 mm rotor, a 198

MAS speed of 10 kHz was achievable (as opposed to a limit of 14 kHz for non-conducting 199

material). The directly-polarized 13C NMR spectrum of the white charcoal shows that the carbon 200

is almost exclusively aromatic without a detectable presence of aliphatic carbon species. The 201

aromatic carbon signal is a single broad peak resonating with a chemical shift of C  of 115 ppm 202

(Fig. 2a) and a Full Width at the peak Half Maximum (FWHM) of 50 ppm. Compared to C203

128.7 ppm 13C chemical shift of benzene, the carbon species of the white charcoal resonate at a 204

significantly shielded lower ppm. This reduction in the chemical shift of the white charcoal can 205

be explained by the formation of larger clusters of fused aromatic rings during the carbonization 206

process. In such large clusters, the aromatic ring current exerts a strong shielding influence, 207

which causes the carbons to resonate at a lower ppm. Fig. 2b shows the directly polarized 13C 208

spin-echo MAS NMR spectrum of the white charcoal, which shows the central peak shifted to C209

122 ppm. This difference in the chemical shift between the single-pulse and spin echo 210

experiments (Fig. 2a and Fig. 2b respectively) is not immediately clear. However, it is 211

hypothesized that the carbon species resonating at lower ppm may have a shorter transverse 212

relaxation time than the carbon species resonating at a higher ppm. Thus, the spin-echo 213

experiment would be selective towards the carbon species with the longer relaxation times. The 214

origin of the differential 13C transverse relaxation among the carbon species may correspond to 215

their site specific location, for example towards the edge of a condensed aromatic cluster versus 216

the middle of the cluster.217

218
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An auxiliary method to measure the degree of aromatic condensation of a char, as suggested by 219

Smernik et al. [28], was also employed. About 5 mg of uniformly 13C-labeled benzene was 220

adsorbed onto the white charcoal and the resulting 13C NMR spectrum was measured (Fig. 2c). 221

The chemical shift of the adsorbed benzene, C 119 ppm, yields a -9.7 ppm () chemical shift 222

relative to neat benzene. This approximately -10 ppm value for () is consistent with the 223

production of biochar at temperatures of about 1000 oC [29], similar to those of biochars from 224

coconut husks, red gum wood and phalaris straw, synthesized by pyrolysis at temperatures of 225

850°C or above [30]. 226

227

Fig. 3 shows a series of SEM images acquired from a white charcoal particle. A low 228

magnification secondary electron image (Fig. 3a) reveals the coarse structure of the white 229

charcoal particle. Numerous pores ~100 µm in diameter appear aligned across the particle 230

surface, which is consistent with the structure observed by Miao et al. [6]. A higher 231

magnification secondary electron image of the same particle is shown in Fig. 3b. It can be seen 232

that in addition to the large macropores shown in Fig. 3a, the surface of white charcoal contains a 233

high density of smaller macropores <10 µm in diameter. That is, there is a bimodal distribution 234

of pores.  A backscattered electron image taken from a polished cross-section (Fig. 3c) shows a 235

microstructure containing pores of various sizes, some of which are filled with the quenching ash 236

used in the production process. The macropores are again aligned. Fig. 3d shows a higher 237

magnification backscattered electron image of the white charcoal’s surface, where the quenching 238

materials appear to fill up most, but not all, of the larger sized pores. 239

240
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A series of elemental X-ray maps were recorded, using a microprobe, from a white charcoal 241

particle around an ash particle embedded in one of the pores in the white charcoal (Fig. 4). The 242

wavelength dispersive X-ray spectroscopy (WDS) elemental maps reveal that the ash particle is 243

most probably a calcium oxide particle due to its high Ca and O content. A small number of 244

particles that are rich in Si, Al, and O were also found scattered randomly within the pores and 245

are likely to be clay particles. Examination of the Al map showed a low concentration of this 246

element distributed across the entire sample, which confirms that the quenching materials consist 247

of both aluminium oxides and clay particles. In addition, particles that are rich in Ca and P show248

that the quenching ash also contains some calcium phosphate particles. 249

250

TEM analysis shows the microstructure of this material at a higher spatial resolution. Fig. 5a 251

shows a bright field image of a white charcoal particle together with the surrounding quenching 252

ash aggregate at relatively low magnification. The carbon-rich regions, for example on the right 253

hand side of fig. 5a, marked X, exhibited little evidence of crystalline structure. A selected area 254

diffraction pattern acquired from this region presents as a ring pattern consistent with an 255

amorphous crystal structure (Fig. 5d). This is in contrast to the highly graphitized structures 256

observed in charcoals prepared at temperatures in excess of 2000 °C [31]. Analysis of the regions 257

containing the Ca-rich phases, marked Y (Fig. 5a), indicated a structure of nanoscale crystalline 258

phases. A higher magnification image of this region is shown in Fig. 5b. Mixtures of 259

nanocrystalline phase are found in close proximity to each other. Selected area diffraction 260

patterns acquired from these regions (Fig. 5c), indicated the presence of the {012} plane (d-261

spacing = 2.68 Å), the {112} plane (d-spacing = 2.33Å), and the {132} plane (d-spacing = 1.80Å) 262

of calcium carbonate. The {0002} plane of graphite (d-spacing = 3.66Å) was also detected. It 263
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appears that these regions of the microstructure consist of an intimate mix of graphite and 264

calcium-rich phases, typically a few 10’s of nanometers in size. 265

266

X-ray diffraction analysis (Fig. 6) shows a broad peak at 25°, which can be indexed as the (0002) 267

plane of graphite. The smaller peaks at 43° and 54° are assigned to the {1010}/{1011} and 268

{0004} planes of graphite respectively [32]. The weak diffraction is expected for non-269

graphitizable carbonized cellulosics [7] and the broader peaks at 25° and 43° that were obtained 270

are consistent with the presence of amorphous carbon and/or the presence of nanoparticles. The 271

peak around 29° is characteristic of the (104) plane of calcite, which is part of the quenching 272

materials used.  273

274

Characterization of white charcoal reveals a microstructure similar to turbostratic carbon that is 275

different from other charcoals carbonized at similar temperatures due to its unique processing 276

conditions. Even though the final carbonizing temperature of white charcoal is relatively high 277

(~1000 °C) compared with conventional charcoal manufacturing standards (~500 °C), no long 278

range ordered structure such as an onion-like graphitic structure [33] or any ordered graphite 279

planes were observed. This might be due to the lack of catalyst elements such as Fe, Co, or Ni, 280

which will lower the temperature needed for graphitization [34]. In the absence of the 281

aforementioned catalytic elements, graphitization tends to occur at temperatures of 1800°C and 282

above. The XRD analysis results, which are consistent with the TEM results, were similar to the 283

findings of Nishimiya et al. [23], where it was found that a sharp graphite peak only started to 284

appear in charcoal carbonized at temperatures of 1800°C and above. 285
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286

Drawing together the analysis of white charcoal from a range of methods reveals that it exhibits a 287

high density, a low volatile matter content, together with a high percentage of fixed carbon and a 288

low sulphur content. This suggests that it has the chemical and physical properties which make it 289

a potential replacement for coke and coal in the primary processing of aluminium and steel [12-290

13]. However, alternative methods of quenching white charcoal, such as water or air quenching, 291

could be trialled to replace the traditional Japanese methods of quenching. This would be 292

desirable to lower the final ash content of the white charcoal. An additional benefit of using 293

white charcoal as a replacement for coke is the reduction in greenhouse gas emissions relative to 294

current practice. The production cost of white charcoal is, however, higher compared to 295

conventional coke. Nevertheless, white charcoal can be produced from renewable sources that 296

may be specifically grown for the purposes of charcoal production.   A research program has 297

been initiated by an industry collaborator to determine if white charcoal can be produced at a 298

lower cost using either invasive species of hardwood or waste timber that would normally be 299

sent to landfill.  This process will use the waste heat from adjacent carbonizing kilns to torrefy 300

the hardwood for a long period of time before bringing it to carbonizing temperatures.  These 301

materials will then be tested to determine their suitability for use in either steel making or 302

recarburisation.303

304

4. Conclusion305

In summary, white charcoal has a range of unique properties due to the processing conditions 306

used in the traditional production methods. Detailed characterization of white charcoal through a 307
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range of techniques revealed a deeper understanding of the structure of this material. It was 308

shown that white charcoals has a high fixed carbon content (>95 wt%) with ~82 at.% of the 309

carbon present in the form of condensed aromatic rings mixed with aliphatic groups, as 310

confirmed by solid state 13C NMR spectroscopy. Microscopy characterization revealed a porous 311

microstructure containing a mixture of amorphous carbon structure with localized region of312

crystalline graphite and calcites. White charcoal can be a potential replacement to coke and coal 313

due to its low volatile, high density, and low sulphur content. 314

315

316

317

318

319

320

321

322

323

324

325

326
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Figure Captions441

442

Fig. 1a XPS wide scan showing the binding energy of O (~532 eV), Ca (~347 eV), C (~285 eV), 443

and Si (~102 eV). Fig. 1b. Narrow scan of C1s showing the deconvolution of the C1s peak444

445

Fig. 2a Directly-polarized 13C NMR spectrum of white charcoal, Fig. 2b shows the directly 446

polarized 13C spin- echo NMR spectrum, Fig. 2c shows the 13C labeled benzene adsorption 447

spectrum448

449

Fig. 3 SEM images acquired from a typical white charcoal particle.  Fig. 3a is a low 450

magnification secondary electron image showing the rough structure of white charcoal. Fig. 3b 451

shows a high magnification secondary electron image of the white charcoal’s surface. Fig. 3c is a 452

low magnification backscattered electron image of the polished cross-section of white charcoal. 453

Fig. 3d shows a backscattered electron image of the minerals used in the quenching process 454

filling up the pores of white charcoal455

456

Fig. 4 Elemental EDS maps showing a calcium-rich particle embedded in one of the white 457

charcoal’s pores. Traces of P, Al, K, and Si are also found scattered randomly in the pores. The 458

concentration of the respective elements are represented on a nominal intensity spectrum from 459

red to purple with red being the highest concentration of the particular element.   460

461
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Fig. 5a Bright field TEM image showing a carbon-rich region (X) and a calcium-rich region (Y),  462

b) close up of region Y showing the crystalline lattice structure c) selected area diffraction 463

pattern from region Y, d) selected area diffraction pattern from region X464

465

Fig. 6 XRD spectrum of white charcoal466

467
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Highlights 

White charcoal was synthesized using traditional Japanese methods.  

Characterization was performed by a range of microscopy and spectroscopy techniques.  

A heavily porous structure with a high fixed C content was observed.  

This material may potentially replace coke in steel processing  

 

*Highlights (for review)
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Table 1. Proximate analysis and ultimate analysis (dry basis) of white charcoal as provided by Bureau 

Veritas Pty. Ltd. 

 % Ash % Volatiles % Fixed 

Carbon 

% C % H % N % S % O H/C O/C 

White 

charcoal 

2.1 2.8 95.1 93.9 0.48 0.22 0.02 3.27 0.061 0.026 

 

Table 1
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Table 2: XPS results for white charcoal, showing atomic% for all elements detected 

 at% Centre (eV) Structure at% 

O 1s 6.2 531.2 O-C 6.2 

N 1s 0.2 400.7  0.2 

Ca 2p 3/2 0.6 347.0  0.6 

C 1s 92.8 

285.0 
C-C/C=C 

82.4 

286.2 
C-O-C 

6.8 

287.2 
C=O 

2.9 

288.4 
π -π* 

0.6 

Si 2p 0.2 102.3 silicates 0.2 

 

Table 2
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Figure 1

http://ees.elsevier.com/jaap/download.aspx?id=106488&guid=65141333-e82c-47f8-9e3b-8d1c7f5775d0&scheme=1
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Figure 2

http://ees.elsevier.com/jaap/download.aspx?id=106489&guid=b9316144-2422-4dcb-953b-29c3ebec63df&scheme=1
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Figure 3

http://ees.elsevier.com/jaap/download.aspx?id=106490&guid=608cbb33-c9e2-4c19-a345-d9fec503b861&scheme=1
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Figure 4

http://ees.elsevier.com/jaap/download.aspx?id=106491&guid=ef14009d-c8a5-4412-a24a-23045e13d22e&scheme=1
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Figure 5

http://ees.elsevier.com/jaap/download.aspx?id=106492&guid=c71403ef-aa54-4366-b4c6-d96ea680f1b1&scheme=1
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Figure 6

http://ees.elsevier.com/jaap/download.aspx?id=106493&guid=af73c131-df98-4ba0-98ad-c844a3c6b888&scheme=1



