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Abstract 8 

9 

Gasification of biomass allows for its efficient utilisation as a renewable fuel through 10 

syngas production. This work presents the different effects of gasifying agents (H2O, CO2 and 11 

H2O/CO2) on the pore structure evolution in biochar during gasification. The effects of 12 

temperature (700, 800 and 900°C) and biomass particle size (up to 5.6 mm) were also studied. 13 

The pore structure of biochar was characterized using synchrotron small angle X-ray 14 

scattering (SAXS). The pore development in biochar during gasification in H2O/CO2 was close 15 

to that in H2O. Carbon removal is more selective in CO2 than H2O and the derived biochar 16 

displayed pore fractal features, whereas the biochars gasified in H2O and H2O/CO2 exhibited 17 

a surface fractal network due to the less selective carbon removal in the presence of H2O. The 18 

pore structure development produced by various gasifying agents was paralleled by the 19 

evolution of the aromatic structures characterized by Raman spectroscopy. The different pore 20 

structure features result from the different reactivity of carbon sites with H2O and CO2, which 21 

can be attributed to the different amounts of O-containing groups in biochar, as well as the 22 

different reactivity of H2O and CO2. Increasing temperature reduced the differences in pore 23 

structure between biochars gasified in H2O and CO2. Biomass particle size had little impact on 24 

the pore structure of biochar.  25 
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1. Introduction 29 

 30 

The ever-increasing need for the reduction of greenhouse gas emissions has made 31 

clean and renewable energy resources attractive. Biomass, as a potential carbon-neutral and 32 

renewable energy source, has gained particular attention [1,2]. Gasification is a promising 33 

technology to achieve highly efficient utilization of biomass by thermochemically converting 34 

biomass to syngas, which can be further used for electricity generation and the production of 35 

liquid fuels and chemicals [2]. During gasification, carbon atoms are continuously removed by 36 

reacting with gasifying agents, leading to the rearrangement and reorganisation of the 37 

residual carbon matrix [3]. As the porosity in biochar originates from the disordered 38 

organisation of the carbon matrix, therefore, the porous structure of biochar changes 39 

drastically in the meantime [4,5]. The study of the changes in the pore structure of biochar is 40 

therefore essential for understanding the reaction pathways of biochar during gasification in 41 

various gasifying agents.  42 

Moreover, the porous nature of activated biochar is a key property influencing its 43 

utilization as an absorbent and possible energy storage material [6]. Therefore, the study of 44 

the pore structure of biochar is also of great significance for achieving efficient utilization of 45 

biochar as well as for optimizing the process of thermal activation to produce activated 46 

carbon.  47 
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Intensive studies [7,8,17,18,9–16] have been undertaken on the porosity 48 

development of biochar during gasification. It has been widely found that H2O and CO2 49 

produce biochars with different pore size distributions. Despite the considerable efforts made 50 

by many researchers, the explanation for the different effects of H2O and CO2 on the pore 51 

development in biochar is not unanimous.  Some studies attribute it to the different diffusion 52 

coefficients of H2O and CO2 arising from their different molecular dimensions [13,19,20]. 53 

Others believe that it is the differences in extents of product (H2 and CO) inhibition in the C—54 

CO2 and C—H2O reactions that causes the different porosity development between biochars 55 

gasified in H2O and CO2 [21,22].  56 

In any case, we believe the porosity development in biochar is a function of the 57 

gasification mechanism. During biochar gasification, with continuous carbon removal and re-58 

arrangement of the carbon structure, the pore structure described by the pore shape and size 59 

distribution evolves simultaneously [5]. To have a complete picture of the process of biochar 60 

gasification or activation, one must have an adequate understanding of the evolution of the 61 

pore structure that is a consequence of the alteration of the carbon skeleton, driven by 62 

gasification/activation under different conditions. However, as far as we know, hardly anyone 63 

has connected the evolution of pore structure in biochar to changes in its chemical structure.  64 

Therefore, it is compelling to investigate the evolution of both the pore structure and 65 

chemical structure of biochar during gasification. Small angle X-ray scattering (SAXS) has been 66 

demonstrated to be suitable for characterizing the pore structure of disordered carbonaceous 67 

materials as it has advantages over other traditional techniques such as gas (i.e. N2) 68 

adsorption/desorption and transmission electron microscopy (TEM) [23]. For example, gas 69 

adsorption can only detect the pores that gases can access, and transmission electron 70 
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microscope (TEM) can only give the information of pores in a limited sample volume [8,24–71 

26]. SAXS can detect a wide range of pore sizes including closed pores in bulk samples 72 

[11,27,28]. More importantly, SAXS has an advantage of “seeing” into the structure of the 73 

carbon matrix in biochar by giving information on the fractal features of the pore network 74 

over different length scales [29–31]. A fractal model is a mathematical method of describing 75 

disordered and irregular objects [32,33]. The fractal dimension of pores is particularly useful 76 

in describing the network of pore aggregation (pore fractal) as well as the irregularity and 77 

roughness of pore boundaries (surface fractal) [34]. Thus, changes in the fractal dimension of 78 

pores can describe the evolution of the carbon skeleton in biochar during gasification. On the 79 

other hand, FT-Raman spectroscopy has long been demonstrated to be suitable for 80 

characterizing the chemical structure of biochar [3,35,36].  81 

To this end, in this work, biochar was gasified in H2O, CO2 and H2O/CO2 respectively to 82 

various conversion levels. The evolution of the pore structure and chemical structure was 83 

characterized by SAXS and FT-Raman spectroscopy respectively. The aim of this study is to 84 

investigate the different mechanisms through which the three gasifying agents develop 85 

micro- and mesopores in biochar by combining the fractal properties of the porous structure 86 

of biochar with information regarding the transformation of chemical structures in biochar. 87 

The effects of temperature and biomass particle size on the pore structure of biochar were 88 

also studied.  89 

2. Experimental 90 

 91 

2.1. Biochar preparation 92 

 93 
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Three different sets of experiments were carried out to prepare the biochar samples. 94 

All the biochar samples were prepared using Mallee wood as a feedstock. The Mallee wood 95 

has an ultimate analysis of 48.2 wt% C, 6.1 wt% H, 0.2 wt% N and 45.5 wt% O (dry and ash- 96 

free basis). The first set (biochar A) was the gasification of biochar (106–250 μm) at 800 ˚C in 97 

15 vol. % H2O balanced with Ar (designated as H2O), pure CO2 (designated as CO2) and/or 15 98 

vol. % H2O mixed with CO2 (designated as H2O/CO2) for varying periods (10–50 min). The 99 

starting biochar was obtained from the pyrolysis and partial gasification (5–10 min) of Mallee 100 

biomass at 750 – 850 °C in our gasification demonstration plant [37,38]. A three-frit two-stage 101 

fluidized-bed/fixed bed quartz reactor [35,36] was employed to perform the gasification of 102 

biochar. Briefly, 1 g of biochar was preloaded in the middle frit of the reactor before being 103 

heated under argon. After the reactor had stabilised at 800 °C, argon was switched to H2O, 104 

CO2 or H2O/CO2 at a total flow rate of 2.0 L min−1 to continue the gasification of biochar for 105 

different times. Biochar samples were collected after the reactor had cooled down to room 106 

temperature under argon flow.   107 

The second set (biochar B) of experiments was the gasification of Mallee wood (4.75–108 

5.6mm) at different temperatures (700, 800 or 900 ˚C) in 15% H2O/Ar and/or pure CO2 for the 109 

same time (4 min). The experimental procedure was described in our previous study [39]. 110 

Briefly, a fluidised-bed quartz reactor was placed in a furnace and heated up with argon 111 

flowing through the reactor. After the target temperatures were reached, approximately 2 g 112 

of Mallee wood was fed into the reactor to commence the pyrolysis of the sample. The reactor 113 

was held for 20 min in argon after the completion of feeding. Afterwards, argon was switched 114 

to 15% H2O/Ar and/or pure CO2 to proceed the gasification of biochar for 4 min. The reactor 115 

was then lifted out of the furnace and cool down to room temperature in argon before the 116 

biochar was collected.  117 
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The third set (biochar C) of experiments was the gasification of biomass with different 118 

particle sizes at 800°C in 15% H2O/Ar and/or pure CO2. The particle sizes of Mallee wood 119 

samples were: 0.18−1.0, 1.0−2.0, 2.0−3.35, 3.35−4.0, 4.0−4.75, and 4.75−5.6 mm. As 120 

described in detail previously [40], a fluidised-bed quartz reactor was firstly heated up to 121 

800°C with 15% H2O/Ar or pure CO2 flowing through the reactor. Afterwards, 2 g of Mallee 122 

wood was fed into the reactor within 4 min. When the feeding of biomass was finished, the 123 

reactor was immediately lifted out of the furnace and cooled down to room temperature in 124 

argon. The obtained biochar samples were then collected to study the influence of biomass 125 

particle size on the pore structure of biochar.  126 

2.2. Characterisation of the pore structure of biochar 127 

2.2.1. SAXS measurement  128 

 129 

The pore structure of biochar was characterised using the SAXS beamline equipped 130 

with a Pilatus 1-M detector at the Australian Synchrotron in Melbourne [41]. The full width at 131 

half maximum（FWHM） beam size was 240 μm horizontally and 24 μm vertically.  Biochar 132 

samples were mounted in square holes (4 x 4 mm) in a 2-mm-thick stainless steel plate with 133 

Kapton tape covering both sides. All samples were measured at two camera lengths (3343 134 

mm and 959 mm) to achieve a wide q-range (q is the scattering vector 𝑞 = (4𝜋 𝜆⁄ )sin⁡(𝜃 2⁄ ), 135 

λ (1.03 Å) and 𝜃 are the wavelength and scattering angle) from 0.005 to 1.5 Å-1, respectively, 136 

which are appropriate to probe a pore diameter ranging approximately from 0.4 to 125 nm. 137 

For each sample, 10 scans were acquired across the sample to provide a representative 138 

analysis. The data collection time for each scan is 1 second. Silver behenate was used to 139 

calibrate the q-scale of the instrument, and glassy carbon (1 mm thick) was used for absolute 140 

intensity calibration [42]. A scattering background from Kapton tape was measured and 141 
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subtracted from all data sets. The X-ray transmission (Ts) was acquired by recording the 142 

incident flux (I0) and transmitted flux (IBS) using an upstream detector and a detector inside 143 

the beamstop respectively.  144 

2.2.2. SAXS data processing and analysis 145 

 146 

At first, the measured intensities were background subtracted and then calibrated 147 

using glassy carbon before being normalised for sample thickness and finally converted to 148 

absolute intensities [42–44].  The effective solid thickness (d, cm) of the sample was 149 

calculated using:  150 

𝑑 = −⁡ln(𝑇s) 𝜇⁄                                                                                                                                  ( 1 ) 151 

where, μ is the linear adsorption coefficient of the sample, assumed to be purely amorphous 152 

carbon with a density of 2.0 g cm-3 [43]. The data collected data at two detector positions 153 

were then merged together and fitted with the unified model [45] using Irena described in 154 

Ilavsky et al [46] within Igor Pro (Wavemetrics). The unified model [45] was applied because 155 

it can describe the structural features of complex systems containing several structural levels 156 

(displaying multiple size-scale structures). In general, on a log-log plot of I(q), the SAXS 157 

spectrum for each level contains a Guinier region (a ‘knee-like’ feature) and a linear power 158 

law region at higher-q [45]. The Guinier region represents the average size of pores and their 159 

radius can be calculated by 𝑟 = √5 3⁄ ⁡𝑅𝑔 (Rg is the radius of gyration of the scattering objects) 160 

if we assume the pores are nearly spherical. The slope (P) of the power law region gives 161 

information on the characteristics of pore morphology and texture by providing fractal 162 

dimensions of the pores [30,32,45]. For a smooth and sharp interface between the pore wall 163 

and void, the power-law follows Porod’s law and P = 4 [45]. Rough surfaced pores can be 164 

represented by surface fractals, where the value of P lies between 3 and 4 and the fractal 165 
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dimension 𝐷𝑠 = −𝑃 + 6. The increase of  𝐷𝑠  represents an increase in surface roughness. 166 

Aggregate-type structures can be explained by pore fractal where P < 3 and the fractal 167 

dimension 𝐷𝑝 = 𝑃. 168 

 In the case of biochar, three structural levels were used to model the scattering curve. 169 

As shown in Fig. s1, the three levels represent the scattering from the microporous (1 – high 170 

q), mesoporous (2 – middle q) and macroporous (3 – low q) size regimes, respectively. 171 

Because the scattering intensity in the high q power law region is too close to the scattering 172 

from the background, it was assumed that the micropore surface is smooth and the slope of 173 

the high q (level 1) power law was fixed (P1 = 4).  This is also necessary to obtain a stable and 174 

repeatable fit to the data. Due to the limited q range, a Guinier regime does not present from 175 

the macroporous size regime, which would exist at even lower q (< 0.005 Å-1). As a result, the 176 

third structural level at low q only includes a power law region (P3). As such, refined 177 

parameters, including the average size of micro- and mesopores (given by Rg1 and Rg2 178 

respectively) as well as the fractal dimensions (given by P2 and P3), were extracted from SAXS 179 

data. 180 

The specific surface area for a surface fractal [47] using a particular measurement 181 

scale, r, is given by the following (r = 4 Å, the size of a nitrogen molecule in this study, so the 182 

results can be comparable with surface areas calculated by N2 adsorption/desorption 183 

isotherms using the Brunauer, Emmett and Teller (BET) method) : 184 

 𝑆(𝑟) = 𝑆𝑟2−𝐷𝑠                                                                                                                                     ( 2 ) 185 

Where S is given by:  186 

𝑆 = 2𝜋𝜑(1 − 𝜑)𝐵/𝑄𝜌𝑏𝑢𝑙𝑘𝐹(𝐷𝑠)                                                                                                   ( 3 ) 187 
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Where 𝐹(𝐷𝑠), 𝜑 and 𝑄 are given by the following: 188 

𝐹(𝐷𝑠) = Γ(5 − 𝐷𝑠) sin[𝜋(3 − 𝐷𝑠) 2⁄ ] /(3 − 𝐷𝑠)                                                                         ( 4 ) 189 

𝜑 = 𝜌𝑏𝑢𝑙𝑘 𝜌𝑏𝑎𝑠𝑒⁡𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙⁡⁡⁡⁄                                                                                                                  ( 5 ) 190 

𝑄 = ∫ 𝐼(𝑞)𝑞2𝑑𝑞 = 2𝜋2𝐺 𝑉𝑝⁄
∞

0
                                                                                                         ( 6 ) 191 

Where 𝜌𝑏𝑢𝑙𝑘 is the bulk density and can be calculated 𝜌𝑏𝑢𝑙𝑘 =
𝜌𝑏𝑎𝑠𝑒⁡𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙⁡⁡⁡𝑑

3

𝑑𝑡𝑜𝑡
3  (𝑑 and 𝑑𝑡𝑜𝑡 are 192 

the effective solid thickness and the total thickness of the sample (0.2 cm), (see ref. [48] for 193 

equation formulation),  𝜌𝑏𝑎𝑠𝑒⁡𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙  is the true density of the solid material (2.0 g cm-3), and 194 

𝑉𝑝 is the volume of the primary scatterer (pores in this case). 195 

For a mass fractal, the surface area can be determined by the following [32]: 196 

𝑡𝑜𝑡𝑎𝑙⁡𝑠𝑢𝑟𝑓𝑎𝑐𝑒⁡𝑎𝑟𝑒𝑎

𝑚𝑎𝑠𝑠⁡𝑠𝑎𝑚𝑝𝑙𝑒
=

(𝑆𝑝 𝑉𝑝)𝜑⁄

𝜌𝑏𝑢𝑙𝑘
=

2𝜋2𝜑𝑝𝐵𝑚𝑎𝑠𝑠−𝑓𝑟𝑎𝑐𝑡𝑎𝑙

𝐴𝜌𝑏𝑢𝑙𝑘𝑄𝑟
(4−𝐷𝑚) ⁡⁡                                                                          ( 7 ) 197 

Where 𝐵𝑚𝑎𝑠𝑠−𝑓𝑟𝑎𝑐𝑡𝑎𝑙 is the power-law scaling prefactor obtained from the unified fit, 𝑟 is 4 Å, 198 

A is the geometric factor and assumed to be 7.6, see details elsewhere [32].  199 

A carbon black standard (used for the calibration of a Micromeritics’ TriStar II gas 200 

adsorption analyser) was used as a specific surface are (SSA) reference and measured using 201 

SAXS. The SSA (SSAXS = 26 ± 0.5 m2 g-1) obtained from SAXS is comparable to the SSA acquired 202 

by N2 adsorption (SBET = 21.0 ± 0.75 m2 g-1) but likely also includes some surface area from 203 

closed porosity. 204 

Pore size distributions were determined using the IPG/TNNLS (Internal Point Gradient-205 

Total Non-Negative Least Square) fitting method in Irena as can be seen elsewhere  [46].  206 

2.3. Characterisation of the chemical structure of biochar 207 

 208 
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A Perkin–Elmer Spectrum GX FT-IR/Raman was used to characterize the chemical 209 

structure of biochar, following the procedure described earlier [3]. In brief, the Raman 210 

spectrum (800–1800 cm−1) was baseline-corrected and fitted with 10 Gaussian bands at 211 

representative wavenumbers. The assigned GR (1540 cm-1), VL (1465 cm-1) and VR (1380 cm-1) 212 

bands represent the small aromatic ring systems with 3–5 rings. The D band (1300 cm-1) 213 

corresponds to large aromatic ring systems with 6 or more rings [3]. The band area ratio 214 

I(GR+VL+VR)/ID was used to reflect the transformation of aromatic structures in biochar, where 215 

an increase of the ratio represents a growth in the content of large aromatic ring systems 216 

(more than 6 rings) [3]. The total Raman peak area was also used to characterize the total O-217 

containing functional groups in biochar.  218 

3. Results and discussion 219 

3.1. Evolution of biochar conversion with time during gasification in H2O, CO2 220 

and H2O/CO2 at 800°C (biochar A) 221 

 222 

The weight losses (conversion level) of biochar samples with increasing 223 

gasification/activation time are shown in Fig. 1. It is clearly shown that, after 224 

gasification/activation at 800°C for the same time, the biochar gasified in H2O/CO2 reaches the 225 

highest conversion level followed by the H2O gasified biochar. The biochar gasified in CO2 226 

shows the lowest conversion level. This indicates that the simultaneous use of H2O and CO2 227 

enhances reaction rate, giving rise to a higher rate of biochar conversion than that in the case 228 

of using H2O or CO2 alone. It also, in turn, indicates that the reactivity of biochar with H2O is 229 

higher than that with CO2. 230 
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Fig. 1. Biochar conversion as a function of gasification/activation time for biochar 232 

samples gasified in H2O, CO2 and H2O/CO2 at 800°C. 233 

3.2. Evolution of pore structure in biochar during gasification/activation in H2O. 234 

CO2 and H2O/CO2 at 800°C (biochar A) 235 

3.2.1. Evolution of porosity  236 

 237 

As stated in our previous work [5], the porosity development during biochar 238 

gasification is the result of the creation of micropores and the enlargement of existing pores. 239 

New micropores are created by the selective removal of certain carbon atoms by gasifying 240 

agents. With the continuous removal of the interior micropore walls, micropores can turn into 241 

meso and macropores. The enlargement of pores could also occur when the wall between 242 

pores is consumed. These processes take place simultaneously during gasification. Therefore, 243 

the observed porosity in biochar at any point is the dynamic balance of pore creation and 244 

destruction.  245 

The porosity development of biochar during gasification is paralleled by the evolution 246 

of surface area and pore volume with biochar conversion. Fig. 2 shows the development of 247 
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SSA as function of biochar conversion level. The values of SSA are similar with those obtained 248 

using BET or SSA by others [11,49]. The SSA shows significant growth for both of the H2O and 249 

H2O/CO2 gasified biochars, especially in the initial stage of gasification, whereas only a small 250 

increase is observed for biochar gasified in CO2. In general, biochar samples produced by H2O 251 

gasification/activation have a much higher SSA than the CO2 gasified biochar. The steam 252 

gasified biochar achieved the highest SSA of 610 ± 30 m2 g-1 at around 65 wt% conversion 253 

before decreasing thereafter when most of the mass was consumed. The H2O/CO2 254 

gasification/activation results in similar SSA development to that produced by H2O 255 

gasification/activation.  256 

 257 

Fig. 2. The SSA of biochar samples gasified in H2O, CO2 and H2O/CO2 as a function of 258 

biochar conversion derived from SAXS data. 259 

Fig. 3 shows the pore size distribution of biochar samples prepared from 260 

gasification/activation in (a) H2O, (b) CO2 and (c) H2O/CO2 for different times (0, 10, 30 50 261 
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min), giving an overall illustration of porosity development in biochar. A distinct feature of all 262 

the biochar samples is that there is an abundance of micropores around 1 Å, showing the 263 

highly microporous nature of biochar. Another finding is that, regardless of the gasifying 264 

agents, the increase in gasification/activation time (conversion level) leads to a wider pore 265 

size distribution biased towards larger pore sizes, suggesting the occurrences of pore 266 

enlargement with the continuous removal of carbon throughout the process. Moreover, 267 

there is a significant initial increase in micropore volume at the early stages (low conversion) 268 

of gasification/activation (especially from 0 to 10 min) followed by a decrease at the late 269 

stages. This indicates that the creation of micropores is more marked at lower conversion 270 

while the enlargement of micropores become the dominant process at higher conversion. 271 
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 272 

Fig. 3. Pore size distribution obtained from the IPG/TNNLS fitting method to SAXS data 273 

for biochar samples gasified in (a) H2O, (b) CO2 and (c) H2O/CO2 over gasification/activation 274 

time (10, 30 and 50 min).  275 

To effectively analyse the creation and destruction of pores during 276 

gasification/activation, the micro-and mesopore volume (deduced from the unified fit) were 277 
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plotted as a function of biochar conversion and these are included in Fig. 4, where the pore 278 

volumes are expressed per g of activated biochar. This can also give a better comparison 279 

among different gasifying agents in terms of the differences in porosity development. There 280 

is a clear increase in both micro- and mesopore volumes at the early stage of 281 

gasification/activation for all the biochar samples gasified in H2O, CO2 and H2O/CO2. This is 282 

also consistent with the size distributions determined earlier. The micropore volume (Fig. 4a) 283 

reaches a maximum after a moderate biochar conversion (around 45-50 wt% coversion) 284 

before gradually decreasing. However, the reduction in micropore volume is more 285 

remarkable for steam gasified biochar than for biochar prepared from gasification/activation 286 

in CO2 and H2O/CO2. The mesopore volume (Fig. 4b) exhibits an initial growth until around 287 

40-50 wt% conversion followed by a slight decrease thereafter for biochars gasified in H2O 288 

and H2O/CO2. The CO2 gasified biochar shows a small but steady growth in the mesopore 289 

volume up to about 60 wt% conversion. Overall, steam gasification/activation gives rise to the 290 

most drastic increase of micro- and mesopore volumes whereas CO2 gasification/activation 291 

leads to the smallest growth. The values of micro- and mesopore volume attained from 292 

H2O/CO2 gasification/activation are, in general, between the values obtained from the 293 

analogous experiments with H2O and CO2 separately. Similar results were also reported by 294 

others [12,14,15,49,50]. 295 

 296 

 297 
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Fig. 4. Development of (a) micropore volume and (b) mesopore volume as a function 299 

of biochar conversion for biochar samples gasified in H2O, CO2 and H2O/CO2. The results were 300 

extracted from the unified fit to SAXS data. 301 

The porosity evolution indicates that the creation and enlargement of micropores take 302 

place from the onset of gasification/activation, leading to the simultaneous development of 303 

micro- and mesopores. Consequently, the micro- and mesopore volumes as well as the SSA 304 

increased at the early stages of gasification/activation. At the later stages, the process of 305 

micropore enlargement become more predominant, converting micropores to meso and 306 

macropores, especially in the case of steam gasification. As a result of pore enlargement, a 307 

decrease of micropore volume is accompanied by the growth of mesopore volume. Steam 308 
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produced an overall higher mesopore volume in biochar compared with CO2. It seems that 309 

the enlargement of micropores is more remarkable during gasification/activation in H2O than 310 

that in CO2.  311 

Overall, those observation are in line with our previous results [5] revealed by the in 312 

situ measurements of the pore development during gasification at 800˚C. It appears that 313 

there are no obvious changes in biochar structure during cooling down.   314 

3.2.2. Evolution of pore network  315 

 316 

Biochar is a two-phase system consisting of a carbon skeleton formed by disorderly 317 

stacked carbon layers as building blocks that surround pores. The carbon layers consist of 318 

defective aromatic structures and are often curved/distorted due to the stresses caused by 319 

defects and heterogeneous atoms such as O and N. The curved carbon layers are cross-linked 320 

and disorderly stacked, leaving empty spaces of different widths and shapes. The empty voids 321 

and interlayer spaces are regarded as the porosity [51,52]. When subjected to 322 

gasification/activation, the carbon layers undergo a process of continuous re-combination 323 

and re-organisation induced by the selective extraction of carbon atoms and other functional 324 

groups by gasifying agents. As carbon layers are reorganised there are simultaneous changes 325 

in the distance between the layers, the pore size and morphology. Therefore, the evolution 326 

of the pore network illustrates the way in which carbon atoms are removed during 327 

gasification/activation.  328 

There is no doubt that the pore network in the micropore size regime is the key to 329 

understanding the dominant structure of the carbon skeleton. It is also essential to study the 330 

pore network in the mesopore size regime in order to have a complete picture of the 331 
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evolution pathway of the pore network, especially when considering the transitions from 332 

micropore to mesopore and the presence of pore-pore correlations (pore aggregation).  333 

We have previously focussed on the SSA and evolving pore volume from different size 334 

regimes. However, it is also important to consider the average pore size and pore morphology 335 

in those size regimes. As previously stated, the average pore size is calculated from the radius 336 

of gyration in the Guinier regime of the unified fit to SAXS data. Fig. 5 shows the changes of 337 

the radius of gyration (Rg1 and Rg2 from the average size of micro- and mesopores, respectively) 338 

from the unified fits with increasing biochar conversion. In the micropore size regime (high q, 339 

level 1), the radius of gyration (Rg1) increases gradually for biochar gasified in H2O, CO2 and 340 

H2O/CO2. This indicates a consistent enlargement of micropores during gasification/activation, 341 

independent of the gasifying agent. This can be explained by the partial removal of the inner 342 

pore walls or the collapse of walls between pores, leading to a growth in the average pore 343 

size. At the similar conversion level, the mean micropore size is very close for all biochar 344 

samples. This is reasonable given that the molecular size of CO2 (3.3 Å) and H2O (2.75 Å) is 345 

similar.  346 

 347 

 348 

 349 

 350 

 351 

 352 

 353 
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Fig. 5. Radius of gyration of biochar as a function of biochar conversion in H2O, CO2 355 

and H2O/CO2. (a) Rg1 and (b) Rg2 were obtained from micro- (level 1 Guinier region) and 356 

mesopore size regime (level 2 Guinier region) of the unified fits to SAXS data. 357 

In the mesopore size regime (middle q, level 2), the radius of gyration, Rg2, also shows 358 

an increasing trend as gasification/activation proceeds. Interestingly, the trends in the case 359 

of H2O and H2O/CO2 gasification/activation are similar, whereas CO2 is markedly different 360 

after longer gasification times. After conversion higher that 30 wt%, the increase in Rg2 during 361 

CO2 gasification/activation (from 90 to 270 Å) is more significant than that during 362 

gasification/activation in H2O and H2O/CO2 (from 90 to 120 and 140 Å respectively). The 363 

results suggest that the differences in pore development especially in the mesopore size 364 
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regime between biochar gasified in H2O or CO2 become more significant at higher conversion 365 

level.  366 

It is better to analyse the pore network by combining the pore size and the texture 367 

and morphology of pores given the possibility of pore aggregation. The pore morphology is 368 

characterized by the fractal dimension of the pore network. The fractal dimension allows us 369 

to “see” how the pores are arranged/distributed spatially and/or their structural makeup. 370 

Surface fractal dimension (P lies between 3 and 4) describes the irregularity and roughness of 371 

the pore surface, where a dimension of 2 represents a perfectly smooth and sharp interface 372 

and a dimension of 3 describes an extremely rough surface. Pore fractals (P falls in between 373 

2 and 3) can be viewed as a “negative image” of mass fractals. The dimension of pore fractal 374 

describes the space-filling and branching properties of the pore network [30]. A pore fractal 375 

where P approaches 3 describes an extremely disordered pore network in three dimensions 376 

that is akin to a sponge-like morphology.  377 

The power law slope (P2) from the mesopore size regime (middle q, level 2) and the 378 

corresponding fractal dimensions are presented in Table 1. The mesoporous network of the 379 

starting biochar (0 min) exhibits as a pore fractal with a dimension of 2.8, displaying a 380 

branched and disordered network of smaller micropores [30]. After being gasified, the pore 381 

network of the CO2 gasified biochar remains as a pore fractal with similar dimensions. In 382 

contrast, after 20 wt% of conversion (after 10 min), the fractal pore network in the H2O and 383 

H2O/CO2 gasified biochars evolves into a surface fractal with dimension close to 3. This implies 384 

that the branched porous network breaks down and becomes dominated by mesopores with 385 

an extremely rough surface. 386 

 387 
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Table 1. Derived power law slope (P2) from the mesopore size regime (middle q, level 2) and 388 

the corresponding fractal dimensions (Dp, Ds) for biochar gasified in H2O, CO2 and H2O/CO2 389 

at 800°C for different times (0–50 min). 390 

 0 min 10 min 20 min 30 min 40 min 50 min 

H2O 
P2 2.8 3.3 3.3 3.1 3.0 3.4 
Fractal dimension (± 0.05) Dp = 2.8 Ds = 2.7 Ds = 2.7 Ds = 2.9 Ds = 3.0 Ds = 2.6 
       
CO2 
P2 2.8 2.8 2.8 2.6 2.7 2.8 
Fractal dimension (± 0.05) Dp= 2.8 Dp = 2.8 Dp = 2.8 Dp = 2.6 Dp = 2.7 Dp = 2.8 
       
H2O/CO2 
P2 2.8 3.1 3.1 3.0 3.1 3.0 

 

Fractal dimension (± 0.05) Dp = 2.8 Ds = 2.9 Ds = 2.9 Ds = 3.0 Ds = 2.9 Ds = 3.0 

 391 

A combination of the parameters from the micro- and mesopore size regimes provides 392 

a clearer picture of the pore network evolution. Fig. 6 provides a schematic diagram 393 

illustrating the evolution of pore network in biochar gasified in H2O and CO2. It should be 394 

noted that the pore network of H2O/CO2 gasified biochar evolves in a similar manner to H2O 395 

gasified biochar and is not explicitly shown in Fig. 6. Also, the black areas in Fig. 6 (b) and (c) 396 

are adjusted to be similar to represent the similar carbon conversion. Before gas treatment, 397 

the biochar possesses a considerable fraction of pore channels (pore fractal) forming a 398 

network that criss-crosses the solid carbon framework (showed in black in Fig. 6a).  The 399 

channels are formed from the aggregation of primary micropores with a radius of gyration 400 

Rg1. Therefore, the average channel width can be represented by the value of Rg1 (4.2 ± 0.2 Å). 401 

Those branched channels are embedded in the solid and connected, forming a pore-fractal 402 

like network. The overall network is fractal at the mesoscopic length scale and the average 403 

size of the network (or cluster) has a radius of gyration Rg2 (a correlation length that limits the 404 

extension of the order). Essentially, this network results in a sponge-like porous solid.  405 
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In the case of CO2 gasification/activation (Fig. 6b), the pore network remains as a pore 406 

fractal over conversion, with a slight increase in the pore channel width (increase of Rg1 from 407 

4.2 to 5.4 ± 0.2 Å). A significant change is that the pore fractal regime extends to a larger 408 

length scale (power law scaling across a wider range of q, marked with dashed arrows), as 409 

indicated by the increase of Rg2 (from 50 ± 2.5 to 266 ± 13.3 Å). Therefore, after 60 wt% of 410 

conversion in CO2 results in an extended network of pores (larger clusters of pore channels). 411 

The average size of the new network of micropores (that clusters into a mesopore) is at least 412 

five times as large as that of the original one. The results indicate that CO2 molecules tend to 413 

remove pore walls through the existing channels and extend the pore network. Hence, the 414 

local etching and collapse of pore walls is the main process during CO2 gasification/activation. 415 

As a result, an extended network of branched micropore clusters is formed. It should be noted 416 

that the pore fractal could turn into surface fractal at a higher conversion level (after 50 min) 417 

when the channel walls break down to a point where they become part of a rough mesopore 418 

surface.   419 

 420 
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 421 

Fig. 6. Fitted SAXS patterns along with schematic representations of the fractal 422 

network in the mesopore size regime (middle q, level 2) for (a) biochar precursor, (b) biochar 423 

gasified in CO2 to around 60 wt% conversion and (c) biochar gasified in H2O to about 60 wt% 424 

conversion. The microstructural features on micro- and mesoscopic length scales are shown 425 

by Rg1 and Rg2 (± 0.5 Å). The dashed arrows indicate the symbolic range (the relative length 426 

scale of fractal network) of the respective power law regime at middle q (level 2). Note: the 427 

radius of pores can be calculated through 𝑟 = √5 3⁄ ⁡𝑅𝑔 if the pores are spherical.  428 

In the case of H2O gasification/activation (Fig. 6c), a slight increase in the micropore 429 

size (measured by Rg1) is also observed. More importantly, the pore network transforms from 430 

pore fractal to surface fractal with a dimension near 3, representing mesopores with 431 

extremely rough surfaces (consisting of an old network of micropores that has been etched 432 

into a larger mesopore). The average size of the mesopores (measured by Rg2) gradually 433 
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increases with the extension of biochar conversion. During the process, considerable solids 434 

are removed from the sponge-like clusters, leaving behind a larger mesopore with little solids 435 

across the pore (instead, showing rough surfaces, Fig. 6c). The mechanism could be the 436 

removal of layer after layer of carbon and/or the growth of pores of various sizes, giving rise 437 

to the collapse and destruction of channel walls. As a consequence, the widening of 438 

micropores into the mesopore range is more prevalent, explaining the more significant 439 

decrease in the micropore volume along with the higher mesopore volume for H2O gasified 440 

biochar (Fig. 3). The results imply that carbon removal during gasification in H2O is less 441 

selective than that in CO2. H2O molecules attack carbon sites in biochar located almost 442 

anywhere.  443 

 444 

3.2.3. Correlations between the pore structure and the chemical structure of biochar 445 

 446 

The SAXS data revealed that the evolutionary pathway of pore structure for H2O 447 

gasified biochar is different from biochar gasified in CO2. The differences become more 448 

significant after 40-50 wt% of conversion (30 min of reaction). Moreover, pore development 449 

in H2O/CO2 gasified biochar follows a similar pattern to H2O gasified biochar. The pore 450 

evolution is either more selective (CO2), resulting in larger networks of micropores, or less 451 

selective (H2O), resulting in a breakdown of micropore clusters into mesopores. To have a 452 

better understanding of the correlation between the pore structure and the underlying 453 

carbon skeleton in biochar, the transformation of the carbon skeleton in biochar was also 454 

characterized using FT-Raman spectroscopy. Fig. 7a shows the changes of the band ratio 455 

I(Gr+Vl+Vr)/ID with biochar conversion. Decreases in the band ratio indicate that small aromatic 456 

ring systems (less than 6 fused rings) are and preferentially consumed and/or converted to 457 
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larger ones [3]. During biochar gasification/activation, some atoms such as O are preferably 458 

removed, inducing the growth of the aromatic structures, presumably through a carbon re-459 

combination process. However, judging from the band area ratio, it can be seen that the 460 

aromatic structures in H2O gasified biochar change differently to those in CO2 gasified biochar. 461 

This indicates differences in carbon sites preferably attacked by H2O and CO2 molecules, 462 

causing the different structural evolution of biochar under these gases. The aromatic 463 

structures in biochar gasified in H2O/CO2 and H2O are similar, suggesting a reason why similar 464 

pathways of carbon removal are seen under H2O/CO2 and H2O. The development of the pore 465 

structure produced by various gasifying agents is paralleled by the evolution of the aromatic 466 

structures characterized by Raman spectroscopy. Therefore, the evolution of the aromatic 467 

structures can be used as a guide to understanding the changes in the pore structure of 468 

biochar.  469 
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Fig. 7. Raman spectroscopic data. (a) the ratio of band areas I(Gr+Vl+Vr)/ID and (b) the 471 

total Raman peak area (800 – 1800 cm−1) of biochar as a function of biochar conversion. 472 

The explanation for the differences in the porous structure of biochar developed by 473 

H2O and CO2 is complex. As stated before, pore structure evolvement in biochar is the result 474 

of the selective consumption of carbon atoms during gasification/activation. Therefore, the 475 

differences in the evolution of pore structure between H2O and CO2 gasified biochar is a result 476 

of the different selectivity in carbon consumption by each gas, which depends on variations 477 

in the reactivity between biochar with H2O and CO2.  478 

One of the reasons for the different reactivity between H2O-char and CO2-char 479 

reactions could be the different reactivity of H2O and CO2 [13,14,53]. For a given temperature, 480 
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H2O is more reactive than CO2 as a higher energy is needed to dissociate a CO2 molecule than 481 

that for a H2O molecule [13,14]. Thus, H2O molecules are less selective than CO2 molecules in 482 

attacking carbon atoms. H2O-char reactions would take place at an extensive number of active 483 

sites whilst the active sites that are appropriate for CO2-char reactions are limited. 484 

Accordingly, H2O molecules tend to interact with active sites located almost anywhere within 485 

the porous structure. Whereas the local etching in existing pore channels is a more prevalent 486 

process during gasification/activation with CO2.  487 

Another possible reason for the differences in carbon selectivity between H2O and CO2 488 

could be related to the amount and properties of O-containing functional groups on the 489 

biochar surface [16]. The continuous formation and decomposition of O-containing functional 490 

groups is an important feature of gasification reactions [50].  Some of these O-containing 491 

functional groups behave as reaction intermediates in gasification/activation processes. 492 

Along the gasification/activation pathway, oxygen is firstly adsorbed on the carbon surface 493 

and then removed along with the carbon atoms to which the oxygen is attached [16]. As the 494 

process repeats, a certain degree of porosity in biochar is achieved. The evolution of the O-495 

containing functional groups in biochar was characterized using Raman spectroscopy [3] and 496 

included in Fig. 7b. The content of O-containing functional groups is higher (indicated by the 497 

higher total Raman area) in biochar produced by H2O than CO2. This is expected since the 498 

reactivity of gases with biochar is associated with the amount of O-containing functional 499 

groups [16,35,36,39]. When H2O is used, more surface O-containing functional groups are 500 

formed and a greater number of active sites are available for H2O-char reactions to take place. 501 

In other words, the elimination of carbon by H2O would take place at more sites in the carbon 502 

network. Whereas in CO2, the lower content of O-containing functional groups limits where 503 

carbon atoms can be extracted. The content of O-containing functional groups in biochar 504 
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produced in H2O/CO2 is nearly identical to that in H2O gasified biochar, indicating that the 505 

process of carbon removal by H2O could be the dominant process. This explains the similarity 506 

in how the pore structure evolves between biochar gasified in H2O and H2O/CO2. Additionally, 507 

our previous work [39] found that different types of O-containing functional groups are 508 

formed in biochar during gasification with H2O or CO2. The different thermal stabilities of 509 

various O-containing functional groups could also be one of the reasons for the selective 510 

removal of carbon, as the relatively less stable O-containing functional groups would be 511 

decomposed first. Therefore, the amount and type of O-containing groups in biochar affect 512 

the selection of carbon atoms during gasification/activation reactions, thereby controlling the 513 

pathways of pore structure evolution and hence the final porosity developed. 514 

Since the nature of gasification/activation lies in the selectivity of carbon consumption, 515 

it is reasonable to assume that gasifying agents tend to attack the relatively more reactive 516 

and less stable structures. Accordingly, the weak pore walls would be removed in preference 517 

to the relatively strong walls. As carbon conversion proceeds, the selectivity for the remnant 518 

structures by H2O and CO2 would become more pronounced as they become, on average, 519 

more stable and less reactive.  520 

3.3. Effects of temperature and biomass particle sizes on the pore structure of 521 

biochar 522 

 523 

Fig. 8 shows some major pore structure parameters acquired from SAXS 524 

measurements for biochar gasified at different temperatures for 4 min (biochar B). Overall, 525 

the increase of temperature gives rise to a significant increase in SSA and pore volume as the 526 

biochar conversion increases, especially the mesopore volume, irrespective of the type of 527 

gasifying agent. It seems that the development of both micro- and mesopores is enhanced 528 
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with increasing temperature. This could be attributed to the enhanced thermal breakdown 529 

and the higher reaction rate at higher temperature, leading to a higher level of biochar 530 

conversion. The average size of micro- and mesopores are similar for biochars gasified at 531 

different temperatures. Moreover, when the temperature increased from 700 to 900 ˚C 532 

where similar biochar conversion were reached (7% and 8% of char yield were obtained for 533 

biochar gasified in CO2 and H2O), the values of micro- and mesopore volumes produced by 534 

H2O and CO2 become more similar. The decreased differences in porosity development 535 

between H2O and CO2 gasified biochar suggests that the differences in carbon removal by H2O 536 

and CO2 becomes less significant at higher temperature. At an elevated temperature, the 537 

reaction rate of carbon sites with H2O or CO2 increases rapidly especially for those carbon 538 

sites with higher activation energies [5]. When different carbon sites have closer gasification 539 

rates, carbon removal become less selective. As a result, the differences in the pore structure 540 

of biochar produced by H2O and CO2 become smaller.  541 

700 800 900
0

100

200

300

400

500

600

700 800 900
0.00

0.05

0.10

0.15

700 800 900
0

5

10

15

20

25

S
S

A
 (

m
2

 g
-1

)

Temperature (˚C)

 H2O

 CO2

(a)

P
o
re

 v
o
lu

m
e
 (

c
m

3
 g

-1
)

Temperature (˚C)

 Vmicro - H2O

 Vmicro - CO2

 Vmeso - H2O

 Vmeso - CO2

(b)  Rg1 - H2O

 Rg1 - CO2

 Rg2 - H2O

 Rg2 - CO2

R
a

d
iu

s
 o

f 
g
y
ra

ti
o
n
 (

Å
)

Temperature (˚C)

(c)

 542 

Fig. 8. SAXS derived (a) SSA, (b) pore volume and (c) radius of gyration for biochar 543 

gasified in H2O (closed symbols) and CO2 (open symbols) at different temperatures (700, 800 544 

and 900 ˚C). 545 
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Fig. 9 shows the SAXS curves of biochar samples prepared from Mallee wood with 546 

various particle sizes (biochar C). As expected, for gasification both in H2O and CO2, little 547 

change in the SAXS patterns among different biomass particle sizes is observed. This 548 

demonstrates that the biomass particle size has almost no effect on the pore structure 549 

development. In our previous study [40], the Raman characterization of samples with 550 

different particle sizes revealed that there is no significant changes in the aromatic ring 551 

systems and the content of O-containing functional groups in biochar. The results, therefore, 552 

again confirm that the evolution of pore structure in biochar is closely linked to the changes 553 

in the aromatic ring systems and the O-containing functional groups. The gasifying agents and 554 

gasification temperature are the most important in defining the gasification reactions and 555 

processes rather than bulk particle size of biomass feedstock. 556 

 557 

Fig. 9. SAXS curves of biochar gasified in (a) CO2 and (b) H2O with biomass of different 558 

particle sizes (mm). 559 

 560 

 561 

 562 
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4. Conclusions 563 

 564 

The evolution of the pore structure in biochar during gasification/activation in H2O, 565 

CO2 and H2O/CO2 was investigated using SAXS. Under the experimental conditions used in 566 

this work, the overall pore development in H2O/CO2 gasified biochar is akin to that in H2O 567 

gasified biochar. The CO2 activated biochars display pore fractal features (representing a 568 

network of branched micropore clusters) in the mesopore size regime up to a 60 wt% 569 

conversion. An increase in conversion level gives rise to a remarkable growth in the size of 570 

the pore fractal network. Whereas for the H2O gasified biochar, the mesoporous network is 571 

dominated by mesopores with extremely rough surfaces after 10 min gasification (conversion 572 

level higher than 20 wt%), presenting as surface fractals, rather than networks of micropores. 573 

The development of the pore structure produced by various gasifying agents is paralleled by 574 

the evolution of the aromatic structures characterized by Raman spectroscopy. The different 575 

porous structure of biochar from H2O and/or CO2 gasification/activation is a consequence of 576 

the differences in carbon removal by H2O and CO2, which is determined by the reactivity of 577 

various carbon sites with H2O and CO2. Carbon removal in biochar is less selective when 578 

gasified with H2O than with CO2. This could be due to the higher content of O-containing 579 

functional groups in H2O gasified biochar, together with higher reactivity of H2O. Besides, the 580 

differences in pore structure, caused by H2O and CO2, decreases at higher temperature. The 581 

pore structure of biochar is barely affected by the biomass particle sizes.  582 
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