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Abstract

This work investigates the pore development in biochar during gasification using synchrotron
small angle X-ray scattering (SAXS) as an in situ characterization technique. The influence of
the gasifying agents (H,O, CO; or H,0/CO;) and temperature on the pore structure
development in biochar was studied by carrying out the hour-long gasification of mallee wood
biochar (106—250 um) in: (i) H20 at 700, 800 and 900°C respectively, (ii) CO2 at 700 and 800°C,
and (iii) a mixture of H,0 and CO;, (H,0/CO;) at 800°C. There was a minor increase in the
micro- and mesopore volumes in biochar during gasification in H,0 at 700°C, in contrast to
CO; gasification at the same temperature where no measurable changes to the pore structure
were observed. At 800°C, biochar derived from H,0/CO; gasification exhibited the highest
specific surface area (SSA). CO; tended to produce a highly microporous biochar with a
mesopore network showing pore fractal features. Micropore enlargement was a major
process in the presence of H,0. In this case, the pore structure evolved from being a porous
network of branched micropore clusters (pore fractal) to being dominated by rough surfaced
mesopores (surface fractal) during gasification in H0 and H,0/CO,. The evolution of pore
structures result from the different ways in which carbon atoms were removed by either H,0
or CO;. H,0 is more reactive and less selective towards reacting with biochar, resulting in a

less worm-like network of pores than CO,. Moreover, it was found that increasing
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temperatures can lead to faster rates of pore generation and pore enlargement, which is

attributed to the increased reaction rate and the less selective removal of carbon atoms.

Keywords: in situ, SAXS, pore development, selective carbon removal, surface fractal, pore

fractal, specific surface area, pore volume, biochar gasification.

1. Introduction

Biomass, as a widely available and carbon neutral resource, plays an important role in
supplying clean and affordable energy. Gasification is a highly efficient technology to utilize
biomass for power generation, as well as for the production of biofuels and chemicals [1].
Biomass gasification is a thermo-chemical process to convert biomass to syngas and biochar
[2]. During gasification, biochar reacts with the gasifying agents and undergoes drastic
changes in both its chemical and physical structure [3,4]. The study of pore evolution in
biochar during gasification is critical to understanding the gasification process, as well as to
optimizing the conditions that are used for the preparation of activated carbon using biochar

as a precursor [5-8].

It has been reported [9-12] that the pore structure of biochar largely depends on the
gasification conditions such as the biomass feedstocks, the gasifying agents and the carbon
conversion level. Particularly, the pore structure of biochar from H,0 (steam) gasification has
been found to be different from that of biochar obtained from CO; gasification [5,10,11,13].
However, different results have been obtained regarding the effects of steam and CO; on the
porosity development in biochar. Some studies found the maximum micropore development

in biochar when subjected to steam gasification [10,14], while others reported that CO;
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gasification resulted in the maximum level of microporosity [6,13,15,16]. Additionally, it has
not reached an agreement regarding whether there is a synergistic, competitive or additive

effect between H,0 and CO; during gasification in the mixture of H,0 and CO,.

Those reported results are based on measurements using a wide range of techniques
including N, adsorption (BET), scanning and transmission electron microscopy (SEM and TEM),
as well as SAXS and small angle neutron scattering (SANS). Among these techniques, SAXS has
been historically utilized to characterize the porosity and the pore morphology of coal and
porous carbon with the advantage of detecting both closed and open pores over wide
dimension ranges [11,17-23]. Moreover, SAXS can provide the textural properties (e.g.
surface roughness or aggregation) of biochar by giving fractal information of the pore network
[24-27]. The development of the pore network reflects the evolution of the carbon matrix
during gasification, which depends on the reaction pathways of gasification. Therefore, the
evolution in the porous network of biochar is of great importance for understanding the
reaction pathways during gasification. However, little has been reported on the evolution of
the porous network of biochar along gasification. Moreover, in situ SAXS is capable of tracking
the real-time changes of pore structure under high temperatures throughout the process of
gasification. In this way, the in situ SAXS measurement avoids the possible changes in biochar
structure during cooling down, which can be a shortcoming of ex situ measurements. To the
best of our knowledge, no in situ SAXS measurements of this kind have been previously

performed.

To this end, this study uses synchrotron SAXS to characterize the real-time evolution
of the pore structure of biochar during gasification. Gasifying agents including H,O, CO; and

their mixture were used with the aim of studying the effects of different gasifying agents on
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the pore development of biochar. The influence of gasification temperature (700, 800 and

900°C) on the development of pores in biochar was also investigated.

2. Experimental
2.1. In situ SAXS measurement
In situ SAXS measurements were conducted at the SAXS beamline of the Australian
Synchrotron, Melbourne, Australia [28]. The X-ray beam energy and size was 20 keV and 240
(horizontally) X 24 (vertically) um respectively. Data were acquired using a Pilatus 1 M
detector at a camera length of 959 mm, which corresponds to a g-range of 0.03-1.5 A (g is
the scattering vector g = (4m/A)sin(6/2), A (0.62 A) and 8 are the wavelength and
scattering angle) [29]. The g range approximately corresponds to observing a pore diameter
ranging from 4 to 180 A [29]. The SAXS patterns were acquired every 1 s during gasification.
Silver behenate was used to calibrate the g-scale of the instrument, and a 1 mm thick glassy
carbon standard was used for absolute intensity calibration [30]. The background scattering

from the capillary was subtracted using a single measurement of an empty capillary.
2.2. Experimental set-up

The biochar (106-250 um) used in this study is from the pyrolysis and gasification of
mallee wood in Renergi’s gasification demonstration plant at Curtin University, Australia
[31,32]. The biochar precursor was loaded into a thin-walled quartz capillary (OD =1 mm, wall
thickness is 0.01 mm) open at both ends. Quartz wool was firmly inserted at both sides of the
biochar to prevent sample displacement while allowing gas flow through the samples (Fig. 1).
A total of 3 different gasifying gases including steam (3 vol. % H>0 in argon), pure CO; and a
mixture of steam and CO2 (3 vol. % H,0 in CO;) were used in this study. Steam was generated

by flowing argon or CO» through 2 connected gas washing bottles that contained DI water (a
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100% relative humidity at room temperature gives a ~3 vol. % steam at 800-900 °C). Gas was
flowed through the sample from one end to another of the capillary with a flow rate of 10 ml

min! controlled by a mass flow controller (Alicat MC).

Biochar samples were heated to operating temperature under an argon flow before
switching to the prescribed gasifying agent. During this process, SAXS data were collected for
60 min or until the biochar was fully consumed. It should also be mentioned that one data set
was collected during the heating of biochar up to 900°C in pure argon, where no changes in
the scattering intensities were observed to verify that the pore network does not change
under these conditions. The heating of biochar was achieved by placing a hot-air blower
underneath the capillary, which can provide a uniform heating of the sample in the X-ray
beam. A K-type thermocouple was placed on the outside of the capillary and fixed next to the
sample in the beam to accurately measure the temperature. All the experiments were

operated under ambient pressure.

TR
f TN

Hot air blower

Fig. 1. Diagram showing the experimental set-up in place on the SAXS beamline at the

Australian Synchrotron.
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2.3. Data processing

The collected SAXS patterns were background subtracted using Scatterbrain [33,34]
before being converted to an absolute scale by normalising the intensity by the sample
thickness with reference to a known glassy carbon standard [35]. The solid thickness of the

sample was calculated using Eq. ( 1 ), which is described elsewhere [35].

d = — In(Ts)/u (1)

where, d is the solid thickness of sample, Ts is the X-ray transmission that is measured by
recording the incident flux (/o) and transmitted flux (/ss) using an upstream detector and a
detector inside the beamstop respectively. u is the linear adsorption coefficient of the sample

(the density of 2.0 g cm™ for amorphous carbon was used for the calculation).

SAXS data were interpreted to solely originate from the dominant scatterer within the
sample, which was deemed to be the electron density difference due to porosity on the micro-
and meso- length scale. It should be noted that the analysis of fractal power-law regimes
within the SAXS data is limited to the g-range of the data but it has been interpreted as a

representation of either rough pore surfaces or pore fractals based on its dimensionality.

The normalised SAXS patterns were then processed using the Irena package for Igor
Pro (WaveMetrics) [36]. The Unified model [37] was used to fit the scattering patterns as it
can describe the structural features of complex systems containing multiple structural levels.
The Unified equation for one structural level combines a Guinier law and a structurally limited

power law [37], as shown in Eq. (1).

@) =G6ep(-T2) +B(g)™", ¢'= —— (2)
3 [erf(ng/\/6_)]
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where I(q) is the scattering intensity, erf( ) is the error function. G and B are the prefactors
from the Guinier and power law regions respectively. Ry is the radius of gyration of the
scattering objects, the pores in this case, and P is the scattering exponent. A detailed
description of the parameters can be found in ref [37]. The extracted Ry and P from each
structural level provide information on the size and the morphology of the pores. If we
assume the pores are nearly spherical, their radius can be calculated by r = /5/3 Ry. The
power law slope given by P provides information about the fractal dimension of the pores
and/or their network [26,38]. Generally, for surface fractals 4 > P> 3 and the fractal dimension
Dg = —P + 6. A smooth surface corresponds to Ds = 2 and the surface roughness increases
with increasing Ds. For mass or pore fractals P < 3 and the fractal dimensions D,, = D,, = P.
Pore fractal can be viewed as the negative image of mass fractal. The dimension-ef pore fractal
dimension (D, ) describes the space-filling and branching properties of pores in a structure

[26].

The specific surface area (S) was calculated (Eg. 3) using the parameters extracted

from the unified fit [38,39].
S(r) = Sr2=bs (3)

where ris the size of the ‘measurement stick’ for which 4 A (the size of a nitrogen molecule)

was used, and S is given by:

S = 2n¢(1 — ¢)B/QppuF (Ds) (4)
where F(Ds), the mass fraction ¢ and the high-g invariant Q are given by the following:
F(Ds) =T'(5 = Ds) sin[n(3 — Ds)/2] /(3 — Ds) (5)

Y = pbulk/pbase material (6)
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Q = ["1(9)q*dq = 212G [V, (7)

Where ppuik and Ppase materiar are the bulk density (see ref. [40] for the calculation) and the
primary particle density (2.0 g cm3) of sample, V;, is the volume of the primary particles (pores

in our case).

The pore size distribution was determined using the IPG/TNNLS (Internal Point Gradient-Total
Non-Negative Least Square) fitting method in Irena [36]. This model provides a size
distribution assuming a dilute dispersion of scattering features, but has been verified to
provide accurate size distributions even for scattering features that demonstrate fractal

aggregation [41].

3. Results and discussion

3.1. Pore development of biochar gasification at 800 °C in H,0, CO; and
H.0/CO,.

3.1.1. In situ SAXS patterns of biochar during gasification

Fig. 2 shows the SAXS patterns of biochar during gasification for 60 min at 800 °Cin (a)
H20, (b) CO,, and (c) H20/CO; mixture. The scattering intensity /(q) was plotted on log-log
scale and the scattering intensities are on an absolute scale. The sequences of scattering
patterns represent the changes in the scatterers (pores in our case) from the beginning of the
gasification (blue line in graph) until after 60 min of reaction (red line). The intensities (/) as a
function of the scattering vector (g) are due to X-rays scattered from the electron density
difference between the carbon matrix and the empty pores (the scattering from the gases
used in experiments is negligible) at various length scales [29]. The intensities in the high g
region (roughly g > 0.3 A%) correspond to the features of micropores (pore diameter less than

20 A). Similarly, intensities in the low q region (roughly g < 0.3 A?) reflect scattering from
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mesopores (pore diameter between 20 and 500 A). The increase or decrease in the scattering
intensity shows the general growth or reduction of the specific surface area (SSA) and/or

volume from micro- (high g) and mesopores (low q).

For all the biochars gasified (in H.O, CO, or H,0/CO,) at 800°C, there are obvious
changes in the SAXS intensities throughout the gasification process, reflecting the
transformations in the pore structure over time. There is a clear increase in the intensities at
low g as the gasification progresses, indicating that the volume fraction of mesopores steadily
increases over time. There are also differences in the increase of intensities at low g among
the three gasifying agents, indicating the differences in the mesopore development in biochar
during gasification in different gasifying agents. As for the intensities at high g, a slight
decrease is observed as the conversion proceeds. During gasification in H,0/CO,, the
intensities at g higher than 0.2 A* decreased with increasing time, implying the reduction of
the micropore volume. Also, the intensity decrease is more significant in H0/CO; than any in
either H,0 or CO; alone. The reactions occuring on the size scale of the micropores appear to
be enhanced by the presence of both H,O and CO;. The differences in the SAXS patterns
among different gasifying agents show the differences in pore development in biochar

gasified in different gases.
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3.1.2. SAXS analysis

Before further analysis, it should be pointed out that the porosity in biochar originates
from the disordered organisation of the amorphous carbon structures. The pore development
of biochar during gasification is the result of the selective removal of carbon atoms by reacting
with gasifying agents. During gasification, some ultramicropores (pore size is smaller than 10
A) will be created when some carbon atoms are selectively removed by H,0 or CO,. The
initially created ultramicropores allow the next H,0 or CO; molecules to enter into the pore
and to continue attacking the next carbon site. In this way, an abundance of micropores will

be generated in the process.

In the case of gasification in the mixture of H,O and CO;, both of H,O and CO;
molecules could access the micropores initially created either by H,O or CO,. This is
reasonable as the molecular size of H,0 (2.75 A) and CO> (3.3 A) is much smaller than the size
of micropores if they are part of an open-pore (not closed-pore) network. With the
continuous removal of the interior micropore walls, micropores may turn into meso- and
macropores. Additionally, pore enlargement and coalescence will also occur when reactions
take place on the pore walls or if the wall between pores is consumed. However, new
micropores may also be created simultaneously. Therefore, the pore distribution in biochar
observed at any point is the net results of pore generation, pore enlargement, and pore
coalescence that occur simultaneously during gasification. For example, when the rate of
micropore generation is slower than the rate of micropore enlargement and/or coalescence,

a reduction in micropores and an increase in mesopores would occur.

To analyse better the pore development of biochar, we selected a few datasets

(gasification for 0, 10, 20, 30, 40, 50 and 60 min) and performed a fit to the data using the
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Unified model [37]. Two structural levels were used in this study that represent the scattering
from the (1 — high g) microporous and (2 — low q) mesoporous size regimes. As shown in Fig.
3, the first structural level at high q contains a Guinier region (presenting as a hump) and a
following power law region (linear on a log-log plot). The Guinier region represents the
average size of micropores (dmicro) and the slope of the power law region at high g (not shown)
gives information on the texture of micropores [37,38]. To get a stable fit to the data we had
to assume that the micropore surface was smooth and thus fixed the slope of the high g
power law region at 4. This is also reasonable on this length-scale (sub-20 A) due to the limited
possibilities for roughness when C-C bonds are approximately 1.5 A. Due to the limited g
range, we do not see a Guinier regime from mesopores, which would exist at even lower q.
As a result, the second structural level at low g only covers a power law region (P, green line),
giving fractal information from the mesopore size regime. As such, the average size of
mesopores, as well as an accurate mesopore volume, is not able to be extracted from the
data. Measurements covering a wider g range will be conducted in future work.
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241  Fig. 3. Arepresentative set of SAXS data (black circles) and a two-level unified model (red

242  line) reproduces the experimental data.

243 The derived parameters from the refined unified model are shown in Table 1. The
244  overall average diameter of micropores (dmicro) in the gasified biochar was calculated to be
245 around 10 A. Additionally, in the three data series, the average size of the micropores
246 gradually increased over time during gasification. This demonstrates the occurrence of
247  widening of micropores during gasification. which—+resuls—{from-theremoval-ef-micropore
248  wallsby-H.0-andforCO-moelecules: The increase in the size of micropores was more rapid
249  with reaction time in the case of mixed gas H,0/CO; gasification compared to that in the case
250 of H.O or CO; gasification. This could be due to the enhanced removal of the interior
251  micropore walls as both H,O and CO; molecules can penetrate into the micropores initially

252  created by H;0 or COa.
253

254  Table 1. Derived average diameter of micropores (dmicro), micropore volume (Vmicro), fractal
255  dimension (Dp, Ds) and SSA from the two-level unified fit of SAXS patterns for biochar gasified
256  in H20, CO; and H20/CO; at 800°C for different times (10—60 min). Note: the average diameter
257  of micropores was calculated by assuming the pores are spherical. For surface fractal, Dg =
258  —P + 6 and for pore fractal, D, = P.

0 min 10 min  20min 30 min 40 min 50 min 60 min

H:0

drmicro (+ 0.5 A) 9.8 9.9 10.4 10.9 11.1 11.3 12.0
Vimicro (+ 0.01 cm3/g) 0.19 0.20 0.20 0.20 0.20 0.20 0.19
Fractal dimension (£ 0.05) Dp=2.4 Dp,=24 Dp=27 Dp=29 Ds=3.0 Ds=3.0 Ds=3.1
SSA (+ 1 m%/g) 106 122 139 154 166 179 195
CO;

dmicro (+ 0.5 A) 10.1 10.5 10.6 10.7 10.8 10.9 11.0
Vimicro (¥0.01 cm?3/g) 0.18 0.20 0.21 0.21 0.21 0.21 0.22
Fractal dimension (+0.05) D,=2.4 Dp=24 Dpy=24 D,=24 Dp=25 Dp=26 Dp=27
SSA (+ 1 m?/g) 106 188 212 215 218 216 215
H,0/CO;

13



drmicro (+ 0.5 A) 10.1 11.6 11.7 12.0 12.3 12.8 13.3

Vimicro (£0.01 cm3/g) 0.19 0.19 0.20 0.20 0.19 0.17 0.15
Fractal dimension (+0.05) D,=2.4 Dp=25 Dp=27 Dp,=29 Ds=3.1 Ds=33 Ds=3.4
SSA (+ 1 m?/g) 107 127 182 205 211 232 250
259
260 When the gasification time was extended from 10 to 60 min, the micropore volume

261  (Vmicro) decreased slightly for the biochar gasified in H,0 and H,O/CO,. The decrease is more
262  evident for biochar gasified in HO/CO;. On the contrary, an insignificant increase of the
263  micropore volume was observed in biochar gasified with CO,. The subtle changes in the
264  micropore volume coincide with the slight variations in the SAXS intensity at high g observed
265  from Fig. 2. The micropore development during gasification with H,0 and H,0/CO; presents
266  a relatively constant and slightly decreased micropore volume over time, suggesting a
267  decrease in the quantity of micropores to compensate for a larger average micropore size.
268  The greater reduction of the micropore volume in H,0/CO; gasified biochar indicates that the
269 rate of micropore enlargement become higher than that of micropore creation at the late
270  stage of the process. This could be attributed to the rapid removal of large amount of carbon
271  atoms by both H,0 and CO2 molecules, causing the rapid destruction/collapse of micropore
272 walls. The results suggest that there could be a synergy effect between H;O and CO; in
273  attacking various active carbon sites. For example, the micropore wall left by H,O is
274  preferentially consumed by CO;, consequently, a rapid enlargement of micropores would
275  occur. Unlike gasification in H,0 and H,0/CO., the rate of micropore enlargement is probably
276  slower than that of new micropore generation for CO; gasification. Consequently, within the
277  experimental time in this study, there is a steady increase in the micropore volume of the CO;

278  gasified biochar.
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The pore sizes and volume fractions derived from the Unified fit (as reflected in Table
1) are comparable to the pore size distribution obtained using the IPG/TNNLS fitting method
in Irena [36], as shown in Fig. 4. Similarly, most of the micropores are around 10 A and no
obvious changes in the pore volume distribution is observed. If we compare the micropore
volume for biochar gasified in different atmospheres for the same time, the biochar gasified
in CO; has the highest micropore volume, followed by the biochar gasified in H,0, whilst the
micropore volume in biochar gasified in H,0/CO; is the lowest. This agrees with literature
[5,6,13,15,16], where they-alse-find-that gasification with H,0 leads to biochar with a lower

micropore volume than CO,. BuringH.0and/lerH.0/CO,gasification; It seems that the

enlargement of micropores could be a primary phenomenon in the presence of H;O.

aimme—Accordingly, the resulting
in biochars exhibit a low micropore volume at the late stage of the process after gasification

in H.0 and/or H20/CO..
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Fig. 4. Pore size and volume distribution of biochar over gasification time (10, 30 and 60
min) in (a) H20, (b) CO2 and (c) H20/CO,. The results were obtained from the IPG/TNNLS

fitting method to SAXS data.

The specific surface area (SSA, as shown in Table 1) can also be extracted from the

SAXS data where it can be seen that both of the H,0 and H,0/CO; gasified biochars showed
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significant growth after gasification for 60 min (60% and 97% growth respectively). The
biochar derived from gasification in H,0/CO3 has the highest SSA (250 m?/g). However, only
a small increase was observed for the biochar gasified in CO; (14% growth). The reason for
the growth of SSA could be due to the rough surface of mesopores [39], which will be

discussed later.

One of the most important parameters to help understand the evolution of pore
structure in biochar is the fractal information of the pore network, which is a measure of its
morphology. Fractal information is an intrinsic characteristic of an object, regardless of the
scale at which it is viewed [24,38]. This fractal property can be used to describe the surface
roughness of a pore (surface fractal) or the aggregation of a network of smaller pores (pore
fractal) [26]. The modelled fractal dimensions of mesopores from SAXS data are presented in
Table 1. As mentioned above, the power law slope (P) lies between 1 and 3 for pore fractals
and between 3 and 4 in the case of surface fractals. In this scenario, a pore fractal where P
approaches 2 describes an almost sheet-like network (do not display branching), and
conversely when P approaches 3, the fractal dimension describes an extremely disordered
pore network in three dimensions that is akin to a sponge-like morphology. The power law
slope P in the surface fractal regime approaches 3 for an extremely rough surface, bordering
on becoming a sponge-like aggregate of pores/surface. Whereas, when a power law slope P

becomes 4 it is a representation of a perfectly smooth surface.

For the biochar gasified in CO», the P values suggest a pore fractal of dimension D, =
2.4 where the dimension increases (to 2.7) as gasification proceeds. The results indicate that
micropores are distributed across biochar in a way that forms a network of micropore clusters

of a particular size that become more sponge-like and more branched over time. At the end
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of gasification, the derived biochar presents a porous network of clusters of branched
micropore aggregates [26,42]. As mentioned before, the way in which the pore network of
biochar evolves reflects the way in which the carbon atoms are removed. The evolution of
the fractal features in biochar during CO; gasification suggests that the removal of carbon
atoms occurs in clusters at particular locations. CO; molecules react with carbon atoms at
particular active sites, inducing the local etching of pore walls to form mesoporous channels
of uniform size. This process then branches in a new direction in such a way that the remaining
carbon solid is riddled with micropore clusters, leaving behind a porous network with a fractal

dimension just below 3.

In contrast, the pore evolution during gasification in H,O and H.O/CO. occurs
differently to that in CO. alone. The mesopore network does exhibit a branched and
disordered pore network (pore fractal) at the early stages of gasification but the pore network
transitions into a surface fractal at the late stage, representing a larger mesopore with a rough
surface where the cluster of micropore channels used to reside. Essentially, this is the physical
representation of the transition from a pore fractal to a surface fractal. This process is akin to
removing solid material from a sponge-like object until there only remains a larger pore
without many interconnected solids across that pore, but only a remnant of solid roughness
on the surface of the larger pore. Thus, considerable numbers of carbon atoms are removed
at the late stages of gasification, giving rise to the collapse and damage of micropore walls.
As a result, a rough surface in the mesopores is detected instead of the previous branched
micropore network. The different pore evolution, reflected by the fractal dimension, between
H,0 and CO; gasified biochar could result from the different reactivity of H,O and CO; with
carbon [5,10,43]. At 800°C, lower energy is needed to dissociate a HO molecule than for a

CO; molecule (the apparent activation energies are 275 and 211 kJ/mol for CO, and H,0, respectively)
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[5,43,44]. The high reactivity of H,O makes it less selective in reacting with biochar in
comparison to CO,. Therefore, H,O molecules react with carbon atoms located almost
anywhere. Carbon atoms can be removed layer after layer to essentially carve out a mesopore
from a cluster of smaller micropores. With the continuous elimination of carbon atoms in this
way, the pore network transits from a pore fractal to surface fractal. This could also be a
principal process during the gasification in H,0/CO, giving rise to the similar changes in fractal
dimensions of biochar to that of H,O gasified biochar. The high selectivity of CO; results in

preferred carbon attack, and thus the development of a more branched micropore network.

Our in situ SAXS data has shown clear differences in pore development especially the
fractal properties between biochar gasified in H,O and CO,. The fractal feature of the porous
network in biochar shows the way in which pores (empty phase) distribute in the two-phase
structure. Thus, from another perspective, it also reflects the way of the arrangement and
organisation of the carbon matrix (solid phase). Therefore, the different fractal features of
biochar gasified in H,0 and CO; has further confirmed that the reaction pathway for biochar
gasification in H;0 is different from that in CO; [45,46]. Pore enlargement is a prominent
phenomenon during gasification in H,0 and H,0/CO,, while CO; tends to produce biochar
with a high micropore volume in a branched network. A significant increase in SSA of biochar
was observed during gasification in H,0 and H,0/CO», which is predominantly associated with
the development of rough mesopore surfaces. The simultaneous use of H,O and CO;

produced a higher SSA in biochar than the case in which only H,0 or CO; was used, due to a

synergistic development of rough surfaced mesopores and additional branched micropore
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368 anrd—H.0/CO,:- The result is generally consistent with the findings obtained using gas

369  adsorption techniques and SAXS by others [5,6,11,13,15,16,47].

370

371 3.2. The impact of temperature on pore development of biochar during

372 gasification in H,0 and/or CO,.

373

374 3.2.1. Pore development during gasification at 700°C in H,0 and CO».

375

376

377 Fig. 5 shows the SAXS patterns of biochar during (a) H2O gasification at 700°C and (b)

378  CO; gasification at 700°C for 60 min. As expected, unlike gasification at 800°C, only minor
379  changes in the intensities were shown when biochar was gasified at 700°C. This is particularly
380 true for the case of gasification in CO, (Fig. 5b), during which the SAXS patterns barely
381 changed. The data imply that the pore structure of biochar changed slightly or stayed almost
382 unchanged. This is because, at 700°C, the reactions were modest and unable to eliminate

383  sufficient carbon atoms to cause porosity development.
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Fig. 5. SAXS patterns of biochar during gasification at 700°C (a) in H20 for 60 min, (b) in CO;

for 60 min. Please be noted that the peaks at high g is from the detector and can be neglected.

Despite the small changes in the scattering intensities, the SAXS patterns of biochar
changed more significantly during gasification in H,O than that during CO; gasification. The
SAXS intensities showed a slightly increasing trend in intensities for the whole g range over
the 60 min of gasification in H,0, suggesting the development of both micropores and
mesopores or the increase of SSA in biochar. The barely visible changes in SAXS patterns of

CO; gasified biochar is most likely ascribed to the lower reactivity of CO, compared to H,0

21



393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

[5,44,48]. At 700°C, the reactivity of carbon sites with CO; is not high enough for intense
reactions to take place. For this reason, the pore structure of biochar is nearly constant

throughout the process [22].

3.2.2. Pore development during gasification at 900°C in HO.

As gasification is typically carried out between 800 and 900°C, it is of more practical
significance to investigate the pore development of biochar at temperatures above 800°C.
Thus we also performed the gasification in H,O at 900°C. It is worth mentioning that the
measurement was ceased after 35 min of gasification when the biochar was completely
consumed. The quick conversion of biochar is due to the enhanced thermal cracking and
gasification reactions at 900°C. The SAXS patterns of biochar are displayed in Fig. 6. Before
the completion of reactions, the evolution of scattering intensity (Fig. 6b) is similar to that
obtained for biochar during gasification in H,O at 800°C (Fig. 2a). When the reaction went to
completion, the total intensity dropped quickly and eventually was shown as the red line in
Fig. 6a. It can be seen that the signals at high g disappeared eventually, demonstrating a
complete loss of microporosity. The scattering intensity at low g shows a g dependency (P =
4), as indicated by the black line in Fig. 6a, which means the scattering was generated from

residual bulk surface scattering.
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Fig. 6. (a) SAXS pattern of biochar during gasification in H,O at 900°C until the complete
conversion of biochar; (b) SAXS pattern of biochar during gasification at 900°C before the

completion of reaction.

To have a better understanding of the temperature influence on pore development,
the pore size distributions for biochar were compared further in Fig. 7. After 30 min of
gasification, the increase in temperature from 700 to 800°C leads to a wider pore size
distribution with the growth of both micropore and mesopore volume. The rise of

temperature can not only promote the creation but also the enlargement of micropores. As
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stated before, the pore development in biochar is the result of the selective removal of carbon
structures, which is determined by the reactivity between carbon sites and gasifying agents.
There are different carbon sites with various structural features and energy levels in biochar.
Therefore, different activation energies are required for those carbon sites to react with
gasifying agents. At 700°C, most of the carbon sites are not reactive enough to react with
gasifying agents and therefore to be removed. As a result, no obvious creation of pores will
be observed. When the temperature increases to 800°C, more carbon sites become reactive
enough to react with gasifying agents. Accordingly, an obvious development of micro- and

mesopores will occur, as we observed here.

A further rise in temperature from 800 to 900°C gives rise to a decrease in the
micropore volume as well as a shift of the distribution of pores to larger sizes. This is because
a large amount of micropores are already converted to mesopores and macropores after
gasification at 900°C for such a long time. During gasification at 800°C, those carbon sites with
lower activation energies would be gasified/consumed more easily than those with higher
activation energies. At 900°C, the reaction rate of carbon sites with higher activation energies
increases more rapidly than that of carbon sites with lower activation energies. When
different carbon sites have closer gasification rates, carbon removal become less selective
and a less significant micropore creation would occur at 900°C. Pore development would be
dominated by the development of large pores due to the enhanced gasification rate and
thermal cracking. Therefore, at a similar biochar conversion level (after gasification at 900°C
for 10 min and at 800 for 30 min, see ref [49]), the biochar gasified at 900°C has a lower

micropore volume (0.12 cm?3/g) than the biochar gasified at 800°C (0.20 cm?3/g).
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Fig. 7. Pore size and volume distribution for biochars after 30 min gasification in H,0O at 700

and 800°C, 10 min at 900°C.

4. Conclusion

The evolution in pore structure of biochar during gasification was investigated in situ
using synchrotron SAXS. Differences in the pore development were observed for biochar
gasified in different atmospheres (H.0, CO2, and H,0/CO;) and at different temperatures (700,
800 and 900°C). H,0 started to create micro- and mesopores at 700°C while the pore structure
of biochar stayed nearly unchanged during CO, gasification at 700°C. At 800°C, the
simultaneous use of H,0 and CO: led to a higher SSA in biochar than the case in which only
H.0 or CO, was used. The CO; gasified biochar exhibited a high micropore volume while the

enlargement of micropores was a pronounced phenomenon during H,0 and H,0/CO;
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gasification. Moreover, the mesoporous network of biochar gasified in CO, presented pore
fractal features throughout the whole gasification process. A transition from pore fractal to
surface fractal was observed for the biochar gasified in H,0 and H,0/CO,. The differences in
the evolution of pore structure between biochar gasified in H,0 and CO; could be attributed
to the different reactivity of H,O and CO;. CO; is less reactive and more selective towards
reacting with biochar. It was found that the increase in temperature enhanced reaction rates
and makes carbon removal less selective, leading to the enhanced rate of pore creation and

enlargement.
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