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Abstract

10 Gasification of biomass allows for its efficient utilisation as a renewable fuel through
11 syngas production. This work presents the different effects of gasifying agents (H,O, CO; and
12 H,0/CO;) on the pore structure evolution in biochar during gasification. The effects of
13 temperature (700, 800 and 900°C) and biomass particle size (up to 5.6 mm) were also studied.
14 The pore structure of biochar was characterized using synchrotron small angle X-ray
15 scattering (SAXS). The pore development in biochar during gasification in H,0/CO; was close
16 to that in H,0. Carbon removal is more selective in CO; than H,0O and the derived biochar
17 displayed pore fractal features, whereas the biochars gasified in H,O and H,0/CO; exhibited
18 a surface fractal network due to the less selective carbon removal in the presence of H;0. The
19 pore structure development produced by various gasifying agents was paralleled by the
20 evolution of the aromatic structures characterized by Raman spectroscopy. The different pore
21 structure features result from the different reactivity of carbon sites with HO and CO,, which
22 can be attributed to the different amounts of O-containing groups in biochar, as well as the
23 different reactivity of H,0 and CO,. Increasing temperature reduced the differences in pore
24 structure between biochars gasified in H,0 and CO,. Biomass particle size had little impact on
25 the pore structure of biochar.
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1. Introduction

The ever-increasing need for the reduction of greenhouse gas emissions has made
clean and renewable energy resources attractive. Biomass, as a potential carbon-neutral and
renewable energy source, has gained particular attention [1,2]. Gasification is a promising
technology to achieve highly efficient utilization of biomass by thermochemically converting
biomass to syngas, which can be further used for electricity generation and the production of
liguid fuels and chemicals [2]. During gasification, carbon atoms are continuously removed by
reacting with gasifying agents, leading to the rearrangement and reorganisation of the
residual carbon matrix [3]. As the porosity in biochar originates from the disordered
organisation of the carbon matrix, therefore, the porous structure of biochar changes
drastically in the meantime [4,5]. The study of the changes in the pore structure of biochar is
therefore essential for understanding the reaction pathways of biochar during gasification in

various gasifying agents.

Moreover, the porous nature of activated biochar is a key property influencing its
utilization as an absorbent and possible energy storage material [6]. Therefore, the study of
the pore structure of biochar is also of great significance for achieving efficient utilization of
biochar as well as for optimizing the process of thermal activation to produce activated

carbon.
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Intensive studies [7,8,17,18,9-16] have been undertaken on the porosity
development of biochar during gasification. It has been widely found that H,O and CO;
produce biochars with different pore size distributions. Despite the considerable efforts made
by many researchers, the explanation for the different effects of H,O and CO. on the pore
development in biochar is not unanimous. Some studies attribute it to the different diffusion
coefficients of HO and CO; arising from their different molecular dimensions [13,19,20].
Others believe that it is the differences in extents of product (H2 and CO) inhibition in the C—
CO; and C—H;0 reactions that causes the different porosity development between biochars

gasified in H,0 and CO[21,22].

In any case, we believe the porosity development in biochar is a function of the
gasification mechanism. During biochar gasification, with continuous carbon removal and re-
arrangement of the carbon structure, the pore structure described by the pore shape and size
distribution evolves simultaneously [5]. To have a complete picture of the process of biochar
gasification or activation, one must have an adequate understanding of the evolution of the
pore structure that is a consequence of the alteration of the carbon skeleton, driven by
gasification/activation under different conditions. However, as far as we know, hardly anyone

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

Therefore, it is compelling to investigate the evolution of both the pore structure and
chemical structure of biochar during gasification. Small angle X-ray scattering (SAXS) has been
demonstrated to be suitable for characterizing the pore structure of disordered carbonaceous
materials as it has advantages over other traditional techniques such as gas (i.e. Ny
adsorption/desorption and transmission electron microscopy (TEM) [23]. For example, gas

adsorption can only detect the pores that gases can access, and transmission electron
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microscope (TEM) can only give the information of pores in a limited sample volume [8,24—
26]. SAXS can detect a wide range of pore sizes including closed pores in bulk samples
[11,27,28]. More importantly, SAXS has an advantage of “seeing” into the structure of the
carbon matrix in biochar by giving information on the fractal features of the pore network
over different length scales [29—31]. A fractal model is a mathematical method of describing
disordered and irregular objects [32,33]. The fractal dimension of pores is particularly useful
in describing the network of pore aggregation (pore fractal) as well as the irregularity and
roughness of pore boundaries (surface fractal) [34]. Thus, changes in the fractal dimension of
pores can describe the evolution of the carbon skeleton in biochar during gasification. On the
other hand, FT-Raman spectroscopy has long been demonstrated to be suitable for

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

To this end, in this work, biochar was gasified in H,0, CO; and H,0/CO: respectively to
various conversion levels. The evolution of the pore structure and chemical structure was
characterized by SAXS and FT-Raman spectroscopy respectively. The aim of this study is to
investigate the different mechanisms through which the three gasifying agents develop
micro- and mesopores in biochar by combining the fractal properties of the porous structure
of biochar with information regarding the transformation of chemical structures in biochar.
The effects of temperature and biomass particle size on the pore structure of biochar were

also studied.

2. Experimental

2.1. Biochar preparation
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Three different sets of experiments were carried out to prepare the biochar samples.
All the biochar samples were prepared using Mallee wood as a feedstock. The Mallee wood
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-
free basis). The first set (biochar A) was the gasification of biochar (106—250 um) at 800 °C in
15 vol. % H,0 balanced with Ar (designated as H,0), pure CO; (designated as CO;) and/or 15
vol. % H,0 mixed with CO> (designated as H,0/CO;) for varying periods (10-50 min). The
starting biochar was obtained from the pyrolysis and partial gasification (5—-10 min) of Mallee
biomass at 750 — 850 °C in our gasification demonstration plant [37,38]. A three-frit two-stage
fluidized-bed/fixed bed quartz reactor [35,36] was employed to perform the gasification of
biochar. Briefly, 1 g of biochar was preloaded in the middle frit of the reactor before being
heated under argon. After the reactor had stabilised at 800 °C, argon was switched to H20,
CO; or H,0/CO; at a total flow rate of 2.0 L min~* to continue the gasification of biochar for
different times. Biochar samples were collected after the reactor had cooled down to room

temperature under argon flow.

The second set (biochar B) of experiments was the gasification of Mallee wood (4.75—
5.6mm) at different temperatures (700, 800 or 900 °C) in 15% H,O/Ar and/or pure CO; for the
same time (4 min). The experimental procedure was described in our previous study [39].
Briefly, a fluidised-bed quartz reactor was placed in a furnace and heated up with argon
flowing through the reactor. After the target temperatures were reached, approximately 2 g
of Mallee wood was fed into the reactor to commence the pyrolysis of the sample. The reactor
was held for 20 min in argon after the completion of feeding. Afterwards, argon was switched
to 15% H,O/Ar and/or pure CO;to proceed the gasification of biochar for 4 min. The reactor
was then lifted out of the furnace and cool down to room temperature in argon before the

biochar was collected.
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The third set (biochar C) of experiments was the gasification of biomass with different
particle sizes at 800°C in 15% H,O/Ar and/or pure CO,. The particle sizes of Mallee wood
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
described in detail previously [40], a fluidised-bed quartz reactor was firstly heated up to
800°C with 15% H,0/Ar or pure CO; flowing through the reactor. Afterwards, 2 g of Mallee
wood was fed into the reactor within 4 min. When the feeding of biomass was finished, the
reactor was immediately lifted out of the furnace and cooled down to room temperature in
argon. The obtained biochar samples were then collected to study the influence of biomass

particle size on the pore structure of biochar.

2.2. Characterisation of the pore structure of biochar

2.2.1. SAXS measurement

The pore structure of biochar was characterised using the SAXS beamline equipped
with a Pilatus 1-M detector at the Australian Synchrotron in Melbourne [41]. The full width at

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

samples were mounted in square holes (4 x 4 mm) in a 2-mm-thick stainless steel plate with
Kapton tape covering both sides. All samples were measured at two camera lengths (3343
mm and 959 mm) to achieve a wide g-range (q is the scattering vector g = (4 /A)sin(6/2),
A (1.03 A) and 6 are the wavelength and scattering angle) from 0.005 to 1.5 A%, respectively,
which are appropriate to probe a pore diameter ranging approximately from 0.4 to 125 nm.
For each sample, 10 scans were acquired across the sample to provide a representative
analysis. The data collection time for each scan is 1 second. Silver behenate was used to
calibrate the g-scale of the instrument, and glassy carbon (1 mm thick) was used for absolute

intensity calibration [42]. A scattering background from Kapton tape was measured and
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subtracted from all data sets. The X-ray transmission (Ts) was acquired by recording the
incident flux (/o) and transmitted flux (/ss) using an upstream detector and a detector inside

the beamstop respectively.
2.2.2. SAXS data processing and analysis

At first, the measured intensities were background subtracted and then calibrated
using glassy carbon before being normalised for sample thickness and finally converted to
absolute intensities [42-44]. The effective solid thickness (d, cm) of the sample was

calculated using:

d = — In(Ts)/u (1)

where, u is the linear adsorption coefficient of the sample, assumed to be purely amorphous
carbon with a density of 2.0 g cm™ [43]. The data collected data at two detector positions
were then merged together and fitted with the unified model [45] using Irena described in
Ilavsky et al [46] within Igor Pro (Wavemetrics). The unified model [45] was applied because
it can describe the structural features of complex systems containing several structural levels
(displaying multiple size-scale structures). In general, on a log-log plot of /(g), the SAXS
spectrum for each level contains a Guinier region (a ‘knee-like’ feature) and a linear power

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

radius can be calculated by r = \/5—/3 R, (Rgis the radius of gyration of the scattering objects)
if we assume the pores are nearly spherical. The slope (P) of the power law region gives
information on the characteristics of pore morphology and texture by providing fractal
dimensions of the pores [30,32,45]. For a smooth and sharp interface between the pore wall
and void, the power-law follows Porod’s law and P = 4 [45]. Rough surfaced pores can be

represented by surface fractals, where the value of P lies between 3 and 4 and the fractal
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dimension D¢ = —P + 6. The increase of Dg represents an increase in surface roughness.
Aggregate-type structures can be explained by pore fractal where P < 3 and the fractal

dimension Dp = P.

In the case of biochar, three structural levels were used to model the scattering curve.
As shown in Fig. s1, the three levels represent the scattering from the microporous (1 — high
q), mesoporous (2 — middle g) and macroporous (3 — low q) size regimes, respectively.
Because the scattering intensity in the high g power law region is too close to the scattering
from the background, it was assumed that the micropore surface is smooth and the slope of
the high g (level 1) power law was fixed (P1 = 4). This is also necessary to obtain a stable and
repeatable fit to the data. Due to the limited g range, a Guinier regime does not present from
the macroporous size regime, which would exist at even lower g (< 0.005 A1). As a result, the
third structural level at low g only includes a power law region (Ps3). As such, refined
parameters, including the average size of micro- and mesopores (given by Rg: and Ry
respectively) as well as the fractal dimensions (given by P, and P3), were extracted from SAXS

data.

The specific surface area for a surface fractal [47] using a particular measurement
scale, r, is given by the following (r = 4 A, the size of a nitrogen molecule in this study, so the
results can be comparable with surface areas calculated by N, adsorption/desorption

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

S(r) = Sr2=Ds (2)

Where S is given by:

S =2np(1 — ¢)B/QppuF (Ds) (3)
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Where F(Dy), ¢ and Q are given by the following:

F(Ds) =T(5 = D) sin[r(3 — Ds)/2] /(3 — Ds) (4)
Y= pbulk/pbase material (5)
Q = [," 1(9)q*dq = 2n*G /v, (6)

3
Pbase material 4
3
deot

Where ppix is the bulk density and can be calculated ppy 1 = (d and d;,; are

the effective solid thickness and the total thickness of the sample (0.2 cm), (see ref. [48] for
equation formulation), Ppase materiar 1S the true density of the solid material (2.0 g cm™3), and

V, is the volume of the primary scatterer (pores in this case).
For a mass fractal, the surface area can be determined by the following [32]:

total surface area _ (Sp/Vp)® _ 27*@pBmass—fractal (7)
mass sample Pbulk Appu1xQr*=Pbm)

Where Bpass—fractar 1S the power-law scaling prefactor obtained from the unified fit, r is 4 A,

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

A carbon black standard (used for the calibration of a Micromeritics’ TriStar Il gas
adsorption analyser) was used as a specific surface are (SSA) reference and measured using
SAXS. The SSA (Ssaxs = 26 + 0.5 m? g!) obtained from SAXS is comparable to the SSA acquired
by N2 adsorption (Sger = 21.0 + 0.75 m? g?) but likely also includes some surface area from

closed porosity.

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

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

2.3. Characterisation of the chemical structure of biochar
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A Perkin—Elmer Spectrum GX FT-IR/Raman was used to characterize the chemical
structure of biochar, following the procedure described earlier [3]. In brief, the Raman
spectrum (800-1800 cm™) was baseline-corrected and fitted with 10 Gaussian bands at
representative wavenumbers. The assigned Gr (1540 cm™), Vi (1465 cm™?) and Vg (1380 cm?)
bands represent the small aromatic ring systems with 3-5 rings. The D band (1300 cm?)
corresponds to large aromatic ring systems with 6 or more rings [3]. The band area ratio
lier+vi+vr)/Ip Was used to reflect the transformation of aromatic structures in biochar, where
an increase of the ratio represents a growth in the content of large aromatic ring systems
(more than 6 rings) [3]. The total Raman peak area was also used to characterize the total O-

containing functional groups in biochar.

3. Results and discussion

3.1. Evolution of biochar conversion with time during gasification in H,O, CO»
and H,0O/CO; at 800°C (biochar A)

The weight losses (conversion level) of biochar samples with increasing
gasification/activation time are shown in Fig. 1. It is clearly shown that, after
gasification/activation at 800°C for the same time, the biochar gasified in H,0/CO; reaches the
highest conversion level followed by the H,O gasified biochar. The biochar gasified in CO;
shows the lowest conversion level. This indicates that the simultaneous use of H,0 and CO;
enhances reaction rate, giving rise to a higher rate of biochar conversion than that in the case
of using H,0 or CO; alone. It also, in turn, indicates that the reactivity of biochar with H;O is

higher than that with CO,.

10
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Fig. 1. Biochar conversion as a function of gasification/activation time for biochar
samples gasified in H20, CO2 and H,0/CO; at 800°C.

3.2.  Evolution of pore structure in biochar during gasification/activation in H,O.
CO2 and H,0/CO; at 800°C (biochar A)

3.2.1. Evolution of porosity

As stated in our previous work [5], the porosity development during biochar
gasification is the result of the creation of micropores and the enlargement of existing pores.
New micropores are created by the selective removal of certain carbon atoms by gasifying
agents. With the continuous removal of the interior micropore walls, micropores can turn into
meso and macropores. The enlargement of pores could also occur when the wall between
pores is consumed. These processes take place simultaneously during gasification. Therefore,
the observed porosity in biochar at any point is the dynamic balance of pore creation and

destruction.

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

of surface area and pore volume with biochar conversion. Fig. 2 shows the development of

11



248

249

250

251

252

253

254

255

256

257

258

259

260

261

SSA as function of biochar conversion level. The values of SSA are similar with those obtained
using BET or SSA by others [11,49]. The SSA shows significant growth for both of the H,0 and
H.0/CO; gasified biochars, especially in the initial stage of gasification, whereas only a small
increase is observed for biochar gasified in CO;. In general, biochar samples produced by H,0
gasification/activation have a much higher SSA than the CO, gasified biochar. The steam
gasified biochar achieved the highest SSA of 610 + 30 m? g at around 65 wt% conversion
before decreasing thereafter when most of the mass was consumed. The H,0/CO;
gasification/activation results in similar SSA development to that produced by H,0

gasification/activation.

700

600

0 L 1 . 1 N 1 . 1
0 20 40 60 80

Biochar conversion (wt %)

Fig. 2. The SSA of biochar samples gasified in H,0, CO, and H,0/CO; as a function of

biochar conversion derived from SAXS data.

Fig. 3 shows the pore size distribution of biochar samples prepared from
gasification/activation in (a) H20, (b) CO; and (c) H,0/CO: for different times (0, 10, 30 50

12
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min), giving an overall illustration of porosity development in biochar. A distinct feature of all
the biochar samples is that there is an abundance of micropores around 1 A, showing the
highly microporous nature of biochar. Another finding is that, regardless of the gasifying
agents, the increase in gasification/activation time (conversion level) leads to a wider pore
size distribution biased towards larger pore sizes, suggesting the occurrences of pore
enlargement with the continuous removal of carbon throughout the process. Moreover,
there is a significant initial increase in micropore volume at the early stages (low conversion)
of gasification/activation (especially from 0 to 10 min) followed by a decrease at the late
stages. This indicates that the creation of micropores is more marked at lower conversion

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

13



272
273

274

275

276

277

| L L PRI | L L MR |

3,
60x10 [ 7
— 50} (a) ﬂ @ starting biochar @ H,0-10 |
"-U) 2{‘ ® H,0-30 ® H,0-50
- 40+ z 1 L R i
m{ 3 !ﬁ T._.a‘"ﬁ' Mesopore distribution i
£ 30+ P < S I
2, £ \ |
“ S 4 |
s 7 ]
o 10k G isen 15
Pore diameters [A]
3 456 2 3 456 2 3 456
10 100 1000
Pore diameters [A]
60x10 [ | ‘ A
(b) —@- starting biochar -~ ® CO,- 10
- 50- ® CO,-30 @ CO,-50
i 40
(,:;{ A TH“" o Mesopore dist-rihu.tinr;
E 30} < -
L E 4‘.
g 20+ % 2| \§ 7
© 10+ % cvens T3 s i
/ Pore diameters [A]
0345é"' 2 3 456 2 3456
10 100 1000
Pore diameters [A]
10 10 I S s—
X () ~@ starting biochar -~ ®  H,0/CO, - 10
- S0 A @ H0/CO,-30 @ Hy0/CO,-50 -
‘o it |
c.-;ad: 40+ T:sx'lu“:ll T mesopore distribution b
E ~ :“ 6-:',|‘ |
S, 30 s
5 20+ g 2 1\; _'/"_E R
S—
> O iissi ]
T 10+ 1 -
/ Pore diameters [A]
0 e
4 6 8 2 4 6 8 2 4 6 8
10 100 1000

Pore diameters [A]

Fig. 3. Pore size distribution obtained from the IPG/TNNLS fitting method to SAXS data
for biochar samples gasified in (a) H20, (b) CO2 and (c) H,0/CO; over gasification/activation

time (10, 30 and 50 min).

To effectively analyse the creation and destruction of pores during

gasification/activation, the micro-and mesopore volume (deduced from the unified fit) were
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plotted as a function of biochar conversion and these are included in Fig. 4, where the pore
volumes are expressed per g of activated biochar. This can also give a better comparison
among different gasifying agents in terms of the differences in porosity development. There
is a clear increase in both micro- and mesopore volumes at the early stage of
gasification/activation for all the biochar samples gasified in H,0, CO; and H,0/COx. This is
also consistent with the size distributions determined earlier. The micropore volume (Fig. 4a)
reaches a maximum after a moderate biochar conversion (around 45-50 wt% coversion)
before gradually decreasing. However, the reduction in micropore volume is more
remarkable for steam gasified biochar than for biochar prepared from gasification/activation
in CO2 and H,0/CO,. The mesopore volume (Fig. 4b) exhibits an initial growth until around
40-50 wt% conversion followed by a slight decrease thereafter for biochars gasified in H,0
and H,0/CO,. The CO; gasified biochar shows a small but steady growth in the mesopore
volume up to about 60 wt% conversion. Overall, steam gasification/activation gives rise to the
most drastic increase of micro- and mesopore volumes whereas CO; gasification/activation
leads to the smallest growth. The values of micro- and mesopore volume attained from
H,0/CO; gasification/activation are, in general, between the values obtained from the
analogous experiments with H,O and CO; separately. Similar results were also reported by

others [12,14,15,49,50].
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Fig. 4. Development of (a) micropore volume and (b) mesopore volume as a function
of biochar conversion for biochar samples gasified in H20, CO; and H,0/CO;. The results were

extracted from the unified fit to SAXS data.

The porosity evolution indicates that the creation and enlargement of micropores take
place from the onset of gasification/activation, leading to the simultaneous development of
micro- and mesopores. Consequently, the micro- and mesopore volumes as well as the SSA
increased at the early stages of gasification/activation. At the later stages, the process of
micropore enlargement become more predominant, converting micropores to meso and
macropores, especially in the case of steam gasification. As a result of pore enlargement, a

decrease of micropore volume is accompanied by the growth of mesopore volume. Steam
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produced an overall higher mesopore volume in biochar compared with CO,. It seems that
the enlargement of micropores is more remarkable during gasification/activation in H,0 than

that in CO..

Overall, those observation are in line with our previous results [5] revealed by the in
situ measurements of the pore development during gasification at 800°C. It appears that

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

3.2.2. Evolution of pore network

Biochar is a two-phase system consisting of a carbon skeleton formed by disorderly
stacked carbon layers as building blocks that surround pores. The carbon layers consist of
defective aromatic structures and are often curved/distorted due to the stresses caused by
defects and heterogeneous atoms such as O and N. The curved carbon layers are cross-linked
and disorderly stacked, leaving empty spaces of different widths and shapes. The empty voids
and interlayer spaces are regarded as the porosity [51,52]. When subjected to
gasification/activation, the carbon layers undergo a process of continuous re-combination
and re-organisation induced by the selective extraction of carbon atoms and other functional
groups by gasifying agents. As carbon layers are reorganised there are simultaneous changes
in the distance between the layers, the pore size and morphology. Therefore, the evolution
of the pore network illustrates the way in which carbon atoms are removed during

gasification/activation.

There is no doubt that the pore network in the micropore size regime is the key to
understanding the dominant structure of the carbon skeleton. It is also essential to study the

pore network in the mesopore size regime in order to have a complete picture of the

17
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evolution pathway of the pore network, especially when considering the transitions from

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

We have previously focussed on the SSA and evolving pore volume from different size
regimes. However, it is also important to consider the average pore size and pore morphology
in those size regimes. As previously stated, the average pore size is calculated from the radius
of gyration in the Guinier regime of the unified fit to SAXS data. Fig. 5 shows the changes of
the radius of gyration (Rg1and Rg2 from the average size of micro- and mesopores, respectively)
from the unified fits with increasing biochar conversion. In the micropore size regime (high g,
level 1), the radius of gyration (Rg41) increases gradually for biochar gasified in H,0, CO; and
H>0/CO,. This indicates a consistent enlargement of micropores during gasification/activation,
independent of the gasifying agent. This can be explained by the partial removal of the inner
pore walls or the collapse of walls between pores, leading to a growth in the average pore
size. At the similar conversion level, the mean micropore size is very close for all biochar
samples. This is reasonable given that the molecular size of CO; (3.3 A) and H,0 (2.75 A) is

similar.
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Fig. 5. Radius of gyration of biochar as a function of biochar conversion in H,0, CO;
and H,0/CO,. (a) Rg1 and (b) Rg2 were obtained from micro- (level 1 Guinier region) and

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

In the mesopore size regime (middle g, level 2), the radius of gyration, Ry, also shows
an increasing trend as gasification/activation proceeds. Interestingly, the trends in the case
of H,0 and H,0/CO; gasification/activation are similar, whereas CO; is markedly different
after longer gasification times. After conversion higher that 30 wt%, the increase in Ry during
CO, gasification/activation (from 90 to 270 A) is more significant than that during
gasification/activation in H,0 and H,0/CO; (from 90 to 120 and 140 A respectively). The

results suggest that the differences in pore development especially in the mesopore size
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regime between biochar gasified in H,0 or CO; become more significant at higher conversion

level.

It is better to analyse the pore network by combining the pore size and the texture
and morphology of pores given the possibility of pore aggregation. The pore morphology is
characterized by the fractal dimension of the pore network. The fractal dimension allows us
to “see” how the pores are arranged/distributed spatially and/or their structural makeup.
Surface fractal dimension (P lies between 3 and 4) describes the irregularity and roughness of
the pore surface, where a dimension of 2 represents a perfectly smooth and sharp interface
and a dimension of 3 describes an extremely rough surface. Pore fractals (P falls in between
2 and 3) can be viewed as a “negative image” of mass fractals. The dimension of pore fractal
describes the space-filling and branching properties of the pore network [30]. A pore fractal
where P approaches 3 describes an extremely disordered pore network in three dimensions

that is akin to a sponge-like morphology.

The power law slope (P2) from the mesopore size regime (middle g, level 2) and the
corresponding fractal dimensions are presented in Table 1. The mesoporous network of the
starting biochar (0 min) exhibits as a pore fractal with a dimension of 2.8, displaying a
branched and disordered network of smaller micropores [30]. After being gasified, the pore
network of the CO; gasified biochar remains as a pore fractal with similar dimensions. In
contrast, after 20 wt% of conversion (after 10 min), the fractal pore network in the H,0 and
H.0/CO; gasified biochars evolves into a surface fractal with dimension close to 3. This implies
that the branched porous network breaks down and becomes dominated by mesopores with

an extremely rough surface.
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Table 1. Derived power law slope (P2) from the mesopore size regime (middle g, level 2) and
the corresponding fractal dimensions (D,, Ds) for biochar gasified in H,0, CO; and H.0/CO;
at 800°C for different times (0—-50 min).

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

H.O
P> 2.8 3.3 33 3.1 3.0 3.4
Fractal dimension (+0.05) D,=2.8 Ds=2.7 Ds=2.7 Ds=29 Ds=3.0 Ds=2.6

CO:;
P> 2.8 2.8 2.8 2.6 2.7 2.8
Fractal dimension (+0.05) D,=2.8 D,=2.8 Dp=2.8 Dp=2.6 Dp=27 Dp=2.8

H.0/CO:;
P, 2.8 3.1 3.1 3.0 3.1 3.0
Fractal dimension (+0.05) D,=2.8 Ds=2.9 Ds=29 Ds=3.0 Ds=29 Ds=3.0

A combination of the parameters from the micro- and mesopore size regimes provides
a clearer picture of the pore network evolution. Fig. 6 provides a schematic diagram
illustrating the evolution of pore network in biochar gasified in H,O and CO.. It should be
noted that the pore network of H,O/CO; gasified biochar evolves in a similar manner to H,0
gasified biochar and is not explicitly shown in Fig. 6. Also, the black areas in Fig. 6 (b) and (c)
are adjusted to be similar to represent the similar carbon conversion. Before gas treatment,
the biochar possesses a considerable fraction of pore channels (pore fractal) forming a
network that criss-crosses the solid carbon framework (showed in black in Fig. 6a). The
channels are formed from the aggregation of primary micropores with a radius of gyration
Rq1. Therefore, the average channel width can be represented by the value of Ry1 (4.2 £ 0.2 A).
Those branched channels are embedded in the solid and connected, forming a pore-fractal
like network. The overall network is fractal at the mesoscopic length scale and the average
size of the network (or cluster) has a radius of gyration Ry (a correlation length that limits the

extension of the order). Essentially, this network results in a sponge-like porous solid.
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In the case of CO; gasification/activation (Fig. 6b), the pore network remains as a pore
fractal over conversion, with a slight increase in the pore channel width (increase of Rg1 from
4.2 to 5.4 + 0.2 A). A significant change is that the pore fractal regime extends to a larger
length scale (power law scaling across a wider range of g, marked with dashed arrows), as
indicated by the increase of Ry, (from 50 * 2.5 to 266 * 13.3 A). Therefore, after 60 wt% of
conversion in CO; results in an extended network of pores (larger clusters of pore channels).
The average size of the new network of micropores (that clusters into a mesopore) is at least
five times as large as that of the original one. The results indicate that CO, molecules tend to
remove pore walls through the existing channels and extend the pore network. Hence, the
local etching and collapse of pore walls is the main process during CO; gasification/activation.
As aresult, an extended network of branched micropore clusters is formed. It should be noted
that the pore fractal could turn into surface fractal at a higher conversion level (after 50 min)
when the channel walls break down to a point where they become part of a rough mesopore

surface.
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Fig. 6. Fitted SAXS patterns along with schematic representations of the fractal
network in the mesopore size regime (middle g, level 2) for (a) biochar precursor, (b) biochar
gasified in CO; to around 60 wt% conversion and (c) biochar gasified in H,0 to about 60 wt%
conversion. The microstructural features on micro- and mesoscopic length scales are shown
by Rg1 and Rga (+ 0.5 A). The dashed arrows indicate the symbolic range (the relative length

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

radius of pores can be calculated throughr = /5/3 R, if the pores are spherical.

In the case of H,0O gasification/activation (Fig. 6c¢), a slight increase in the micropore
size (measured by R41) is also observed. More importantly, the pore network transforms from
pore fractal to surface fractal with a dimension near 3, representing mesopores with
extremely rough surfaces (consisting of an old network of micropores that has been etched

into a larger mesopore). The average size of the mesopores (measured by Rg) gradually
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increases with the extension of biochar conversion. During the process, considerable solids
are removed from the sponge-like clusters, leaving behind a larger mesopore with little solids
across the pore (instead, showing rough surfaces, Fig. 6¢). The mechanism could be the
removal of layer after layer of carbon and/or the growth of pores of various sizes, giving rise
to the collapse and destruction of channel walls. As a consequence, the widening of
micropores into the mesopore range is more prevalent, explaining the more significant
decrease in the micropore volume along with the higher mesopore volume for H,O gasified
biochar (Fig. 3). The results imply that carbon removal during gasification in H,O is less
selective than that in CO,. H,O molecules attack carbon sites in biochar located almost

anywhere.

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

The SAXS data revealed that the evolutionary pathway of pore structure for H.O
gasified biochar is different from biochar gasified in CO;. The differences become more
significant after 40-50 wt% of conversion (30 min of reaction). Moreover, pore development
in H,0/CO, gasified biochar follows a similar pattern to H,O gasified biochar. The pore
evolution is either more selective (CO3), resulting in larger networks of micropores, or less
selective (H20), resulting in a breakdown of micropore clusters into mesopores. To have a
better understanding of the correlation between the pore structure and the underlying
carbon skeleton in biochar, the transformation of the carbon skeleton in biochar was also
characterized using FT-Raman spectroscopy. Fig. 7a shows the changes of the band ratio
lier+vi+vn)/Ip with biochar conversion. Decreases in the band ratio indicate that small aromatic

ring systems (less than 6 fused rings) are and preferentially consumed and/or converted to
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larger ones [3]. During biochar gasification/activation, some atoms such as O are preferably
removed, inducing the growth of the aromatic structures, presumably through a carbon re-
combination process. However, judging from the band area ratio, it can be seen that the
aromatic structures in H,0 gasified biochar change differently to those in CO; gasified biochar.
This indicates differences in carbon sites preferably attacked by H,O and CO; molecules,
causing the different structural evolution of biochar under these gases. The aromatic
structures in biochar gasified in H,0/CO; and H,0 are similar, suggesting a reason why similar
pathways of carbon removal are seen under H,0/CO; and H,0. The development of the pore
structure produced by various gasifying agents is paralleled by the evolution of the aromatic
structures characterized by Raman spectroscopy. Therefore, the evolution of the aromatic
structures can be used as a guide to understanding the changes in the pore structure of

biochar.
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Fig. 7. Raman spectroscopic data. (a) the ratio of band areas lr+vi+v)/lo and (b) the

total Raman peak area (800 — 1800 cm™) of biochar as a function of biochar conversion.

The explanation for the differences in the porous structure of biochar developed by
H,0 and CO3 is complex. As stated before, pore structure evolvement in biochar is the result
of the selective consumption of carbon atoms during gasification/activation. Therefore, the
differences in the evolution of pore structure between H,0 and CO; gasified biochar is a result
of the different selectivity in carbon consumption by each gas, which depends on variations

in the reactivity between biochar with H,0 and CO,.

One of the reasons for the different reactivity between H;0O-char and CO,-char

reactions could be the different reactivity of H,O and CO; [13,14,53]. For a given temperature,
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H,0 is more reactive than CO; as a higher energy is needed to dissociate a CO; molecule than
that for a H,O molecule [13,14]. Thus, H.O molecules are less selective than CO2 molecules in
attacking carbon atoms. H,O-char reactions would take place at an extensive number of active
sites whilst the active sites that are appropriate for CO,-char reactions are limited.
Accordingly, H,0 molecules tend to interact with active sites located almost anywhere within
the porous structure. Whereas the local etching in existing pore channels is a more prevalent

process during gasification/activation with CO,.

Another possible reason for the differences in carbon selectivity between H,0 and CO;
could be related to the amount and properties of O-containing functional groups on the
biochar surface [16]. The continuous formation and decomposition of O-containing functional
groups is an important feature of gasification reactions [50]. Some of these O-containing
functional groups behave as reaction intermediates in gasification/activation processes.
Along the gasification/activation pathway, oxygen is firstly adsorbed on the carbon surface
and then removed along with the carbon atoms to which the oxygen is attached [16]. As the
process repeats, a certain degree of porosity in biochar is achieved. The evolution of the O-
containing functional groups in biochar was characterized using Raman spectroscopy [3] and
included in Fig. 7b. The content of O-containing functional groups is higher (indicated by the
higher total Raman area) in biochar produced by H,O than CO,. This is expected since the
reactivity of gases with biochar is associated with the amount of O-containing functional
groups [16,35,36,39]. When H,0 is used, more surface O-containing functional groups are
formed and a greater number of active sites are available for H,O-char reactions to take place.
In other words, the elimination of carbon by H,O would take place at more sites in the carbon
network. Whereas in CO,, the lower content of O-containing functional groups limits where

carbon atoms can be extracted. The content of O-containing functional groups in biochar
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produced in H,0/CO; is nearly identical to that in H,O gasified biochar, indicating that the
process of carbon removal by H,0 could be the dominant process. This explains the similarity
in how the pore structure evolves between biochar gasified in H,0 and H,0/CO,. Additionally,
our previous work [39] found that different types of O-containing functional groups are
formed in biochar during gasification with H,O or CO,. The different thermal stabilities of
various O-containing functional groups could also be one of the reasons for the selective
removal of carbon, as the relatively less stable O-containing functional groups would be
decomposed first. Therefore, the amount and type of O-containing groups in biochar affect
the selection of carbon atoms during gasification/activation reactions, thereby controlling the

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

Since the nature of gasification/activation lies in the selectivity of carbon consumption,
it is reasonable to assume that gasifying agents tend to attack the relatively more reactive
and less stable structures. Accordingly, the weak pore walls would be removed in preference
to the relatively strong walls. As carbon conversion proceeds, the selectivity for the remnant
structures by H,0 and CO; would become more pronounced as they become, on average,
more stable and less reactive.

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

Fig. 8 shows some major pore structure parameters acquired from SAXS
measurements for biochar gasified at different temperatures for 4 min (biochar B). Overall,
the increase of temperature gives rise to a significant increase in SSA and pore volume as the
biochar conversion increases, especially the mesopore volume, irrespective of the type of

gasifying agent. It seems that the development of both micro- and mesopores is enhanced
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with increasing temperature. This could be attributed to the enhanced thermal breakdown
and the higher reaction rate at higher temperature, leading to a higher level of biochar
conversion. The average size of micro- and mesopores are similar for biochars gasified at
different temperatures. Moreover, when the temperature increased from 700 to 900 °C
where similar biochar conversion were reached (7% and 8% of char yield were obtained for
biochar gasified in CO, and H;0), the values of micro- and mesopore volumes produced by
H.O and CO, become more similar. The decreased differences in porosity development
between H,0 and CO; gasified biochar suggests that the differences in carbon removal by H,O
and CO; becomes less significant at higher temperature. At an elevated temperature, the
reaction rate of carbon sites with H,O or CO; increases rapidly especially for those carbon
sites with higher activation energies [5]. When different carbon sites have closer gasification
rates, carbon removal become less selective. As a result, the differences in the pore structure

of biochar produced by H,0 and CO; become smaller.
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Fig. 8. SAXS derived (a) SSA, (b) pore volume and (c) radius of gyration for biochar
gasified in H,0 (closed symbols) and CO; (open symbols) at different temperatures (700, 800

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

various particle sizes (biochar C). As expected, for gasification both in H,O and CO,, little

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

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

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

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

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

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

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

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

processes rather than bulk particle size of biomass feedstock.
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4. Conclusions

The evolution of the pore structure in biochar during gasification/activation in H;O,
CO2 and H,0/CO; was investigated using SAXS. Under the experimental conditions used in
this work, the overall pore development in H,0/CO; gasified biochar is akin to that in H,O
gasified biochar. The CO; activated biochars display pore fractal features (representing a
network of branched micropore clusters) in the mesopore size regime up to a 60 wt%
conversion. An increase in conversion level gives rise to a remarkable growth in the size of
the pore fractal network. Whereas for the H;O gasified biochar, the mesoporous network is
dominated by mesopores with extremely rough surfaces after 10 min gasification (conversion
level higher than 20 wt%), presenting as surface fractals, rather than networks of micropores.
The development of the pore structure produced by various gasifying agents is paralleled by
the evolution of the aromatic structures characterized by Raman spectroscopy. The different
porous structure of biochar from H,0 and/or CO; gasification/activation is a consequence of
the differences in carbon removal by H,O and CO;, which is determined by the reactivity of
various carbon sites with H,O and CO». Carbon removal in biochar is less selective when
gasified with H,O than with CO,. This could be due to the higher content of O-containing
functional groups in H,0 gasified biochar, together with higher reactivity of H,0. Besides, the
differences in pore structure, caused by H,0O and CO;, decreases at higher temperature. The

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