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Tracked evolution of single biochar particle’s 
morphology during pyrolysis in operando x‑ray 
micro‑computed tomography
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Abstract 

The engineering of biochars with desired morphologies and pore structures is a far-reaching objective towards sus‑
tainable pore-dependent environmental technologies, such as water and soil remediation or catalysis. We hereby 
report a series of experiments that allow the direct following of the shape and porosity of single biochar particles 
during pyrolysis. Particles ~ 1–2 mm in diameter of unwashed and water-washed raw walnut shells were continuously 
3D imaged during pyrolysis to 575 ℃ at a 10 K min−1 in Ar to obtain time- and temperature-resolved x-ray micro com‑
puted tomographies to a 0.82 μm resolution. Results showed visual evidence of a 30% and 70% v/v particle shrinkage 
for unwashed and washed samples, respectively. Particle swelling between 200 and 300 ℃ in the unwashed sample 
provided evidence of the softening of native biopolymers associated with lignin in untreated biomass. A purpose-
defined parameter Λ shows the temperature-dependence of pore re-distribution towards the center of the particle 
to be linear for both samples. Λ was found to be 3.2× 10

−4
K
−1 in the washed sample, approximately 3.5 times faster 

than in the unwashed one. Such linear dependence is significantly slower than an exponential Arrhenius-like trend 
thereby providing a qualitative measure of the heat and mass transport phenomena limiting the chemical reactions 
in the porous medium. This evidence is key to resolving the pathways to the thermochemical decomposition of bio‑
mass leading to preparation of precision-engineered biochars.

Highlights 

•	 Evolution of  morphology of  single particle (1–2  mm) walnut shell was  tracked in operando during  pyrolysis 
via micro-CT (~ 812 nm resolution).

•	 Samples pre-washed in water didn’t exhibit particle swelling observed in untreated samples in the 200–300 ℃ 
range.

•	 Porosity towards the center of the particle was developed 3.5 faster in washed samples than in unwashed ones.

Keywords  Pyrolysis, Biochar, Operando Imaging, Tomography

†Luis Salinas-Farran and Maryanne Chelang’At Mosonik co-first authors.

*Correspondence:
Roberto Volpe
r.volpe@qmul.ac.uk
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1007/s42773-024-00374-7&domain=pdf
http://orcid.org/0000-0002-8829-807X


Page 2 of 14Salinas‑Farran et al. Biochar            (2024) 6:86 

Graphical Abstract

1  Introduction
Biochar is the solid, porous, carbonaceous product of 
biomass pyrolysis (Liu et al. 2015). Among biomass types, 
agricultural wastes, such as olive stones, almonds and 
walnut shells (WSs) are examples of feedstocks that may 
be used for the production of biochar (Di Blasi 1997). 
In recent years, there has been a sharp rise in the inter-
est in biochars. Their porous nature and native surface 
functionality make biochar attractive for several pore-
dependent energy and environmental applications such 
as capturing and storing CO2 to help mitigate climate 
change (Lorenz and Lal 2014; Shafawi et al. 2021; Singh 
et  al. 2022), removing chemical or biological pollutants 
from contaminated water(Mohanty et al. 2014; Mohanty 
and Boehm 2015; Krasucka et al. 2021; Li et al. 2022) or 
providing a stable and environmentally sustainable sup-
port for catalytic applications (Guo et  al. 2022; Younis 
and Kim 2022; Li et al. 2023; Yang et al. 2023).

What makes biochar a particularly attractive material 
is the possibility to tune its morphology and chemistry 
via simple thermal processes. Reactor design, sample size 
and configuration, peak temperature, heating rate (HR), 
holding time (HT) at peak temperature (PT), sweep gas 
type and velocity are the main operation parameters that 
can be varied to influence the resulting biochar morphol-
ogy (Di Blasi 1997). However, in addition to these con-
trollable parameters, morphology greatly depends on the 
type of feedstock and its diverse, largely inhomogeneous 

biopolymeric composition as well as the presence in its 
matrix of different quantities of inorganic elements, 
typically belonging to the alkaline and alkaline hearth 
metal groups. Broadly, feedstocks with higher contents 
of three-dimensional cross-linked biopolymers, attrib-
uted to lignin (which in the following we will refer to as 
‘lignin’), have been found to yield higher quantities of 
biochars that are typically more thermally stable (Rodri-
guez Correa et al. 2019), with a significant role played by 
the inorganic compounds. We have chosen WS because 
of its higher content in lignin as reported in (Chelang’At 
Mosonik et  al. 2021). Combined, this diversity and the 
aforementioned reaction parameters allow for a virtu-
ally infinite combinations of biochar characteristics, such 
as morphology, porosity, surface pH and polarity (Uday 
et  al. 2022). Microporosity, adsorption capacity, ion 
exchange capacity, and electrical conductivity are some 
of the desired characteristics for the aforementioned 
applications: water remediation, carbon sequestration 
and catalysis (Uday et al. 2022; Tagar et al. 2023).

Extensive experimental and computational modelling 
efforts have been undertaken in the attempt to correlate 
sample type and configuration and preparation condi-
tions to resulting particle structures and compositions. 
Yet the changes in feedstock textural and chemical prop-
erties during pyrolysis are the result of numerous, largely 
unresolved chemical reactions occurring in the con-
fined space of an evolving reactive medium both in the 
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homogeneous (gas–gas, vapor-vapor, solid–solid) and 
heterogeneous (gas–vapor-solid) environments (Antal 
and Grønli 2003; Morgan and Kandiyoti 2014; Kandiyoti 
et  al. 2017). Advanced modelling carried out by Gho-
niem’s group at Massachusetts Institute of Technology 
(Singer and Ghoniem 2011, 2013; Bates and Ghoniem 
2012; Bates et al. 2016), and experiments carried out by 
Kandiyoti’s group at Imperial College London, (Stiles 
and Kandiyoti 1989; Morgan and Kandiyoti 2014; Kandi-
yoti et  al. 2017) among several others have greatly con-
tributed to elucidation of part of the aforementioned 
complexities in different set-ups. Janse and coworkers 
(Janse et  al. 2000) investigated the influence of particle 
morphology in flash pyrolysis by simulating cylindrical, 
spherical and flat particle shapes. The spherical parti-
cle showed fastest conversion; however, the influence of 
shape became insignificant once small particle diameters 
of less than 200 µm were converted. Computational Fluid 
Dynamics (CFD) has been used extensively to model a 
large number of existing pyrolysis reactors (Dadi et  al. 
2023); however, simulations are often based on specific 
particle geometries (spherical, cylindrical pellet, etc.) (Hu 
et al. 2020). Although necessary to reduce computational 
burden, such assumptions greatly limit the validity of the 
results. Biomass particles are always morphologically 
irregular and exhibit a wide variety of geometries of their 
pore networks at all of the supra- and infra-micrometric 
and nanometric scales. These complex porosities cause 
heat and mass transport limitations that affect the nature 
and kinetics of the chemical reactions, and, in turn, the 
process outcomes. Recent models of the reactions at 
the molecular level using quantum chemistry and other 
techniques at the multiscale level (Ciesielski et al. 2020) 
provide potentially interesting clues as to some of the 
reaction pathways. Yet these models, especially those at 
the quantum scale, require clearly determined and uni-
form molecular compositions of biomass (hemicellulose, 
cellulose, lignin) and assume that thermal behaviors of 
such simulated molecular constituents are additive.

We have proved that this theoretical assumption, 
although certainly useful to progress fundamental under-
standing, is not valid in real experimental set-ups where 
synergistic effects among biomass macroconstituents 
during thermal decomposition are non-negligible (Barr 
et  al. 2021; Volpe et  al. 2018). In addition, owing to the 
necessary small scale, key to controlling computational 
complexity, the effects of extra particle reactions which 
again appreciably influence process outcomes, even at 
the milligram sample sizes are often neglected (Barr 
et al. 2020). The pyrolysis of single particles, of different 
nature, sizes and shapes to different thermal regimes and 

atmospheres has been studied by several authors for dec-
ades in different works that we have recently commented 
on in more detail (Barr et  al. 2021). We complemented 
those works with a set of operando x-ray radiography 
of pyrolysing beds of biomass (WS and almond shells 
1–2 mm particle size in a 3 mm internal diameter quartz 
tube, 6 mm bed height), coupled with x-ray micro com-
puted tomography (CT) of the obtained biochars (Barr 
et al. 2021). Our work provided evidence that, in that set-
up, (1) external and internal solid volume loss (bulk parti-
cle shrinkage and porosity gain) occur simultaneously, (2) 
pyrolysis leads to a redistribution of pore volume away 
from particle surfaces, (3) almond shell particles experi-
ence greater changes in bulk volume and smaller changes 
in pore volume compared to WS particles, despite their 
similar composition, owing to the more porous nature 
of the raw almond shell, which facilitates heat and mass 
transport when compared to less porous WS. We also 
proved that an alkaline pretreatment of raw biomass 
reduced those differences. Importantly, in our work we 
discussed the challenges and limitations of existing mod-
els that attempt at studying and predicting the pathways 
to volume loss of particles via pore opening and particle 
shrinkage and provided initial evidence of pore opening 
throughout the particle volume, yet we recognized that 
only an in-situ tracking of the evolution of particle mor-
phology and porosity can provide necessary evidence on 
the exact localization of pores opening during the pro-
cess. Such evidence was missing.

In the present work, we further advanced our findings 
through a novel set of operando x-ray micro-CT of single 
pyrolyzing biomass particles. Understanding the evolu-
tion of the microstructure of biomass has remained “one 
of the top ten challenges in biomass pyrolysis” (Mettler 
et al. 2012) and is necessary to contributing to the under-
standing of biomass pyrolysis (Antal and Grønli 2003). 
To our knowledge, an in-situ observation of the internal 
change in morphology of single biochar particles using 
micro-CT has never been presented before. Our experi-
ments allowed a quantified analysis of the morphological 
evolution (particle size and porosity) of single pyrolyz-
ing raw and H2O pre-washed WS. It is important to 
note that, as described in Barr et  al.  (2019), the results 
discussed in the present manuscript are specific to the 
sample type and configuration that normally shows sig-
nificant intrinsic variability from one experiment to the 
other in biomass pyrolysis. As such, the present results 
aim at discussing some general trends and providing 
insights in the fundaments of pyrolysis of WS as well as 
an initial indication for the engineering of biochars with 
tuned morphologies.
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2 � Results
2.1 � Change in the particle volume
Obtaining a series of 3-dimensional x-ray CT tomograms 
throughout the pyrolysis process of the single particles 
of biomass allows for operando tracking of the change in 
morphological properties of the material. Approximately 
260,000 images were analysed and segmented to allow 
tracking of both volume and pore structure up to ~ 575 ℃ 
temperature in an Ar atmosphere.

A 3D rendering or particles shown in Fig. 1 provides a 
visual representation of the significant variation in both 
the volume of particle and pores geometry occurring 
during the thermal treatment.

Figure 2 represents the same 3D rendering of the ther-
mally treated particle and segmented (binarized) images 
in 2D sections in three orthogonal planes.

The total volume of single particles and voids (pores) 
obtained from CT data was measured at each time step 
and results are plotted in Fig. 3.

Results confirm a particle shrinkage with thermal treat-
ments, recently modelled by Cho and Kong (Cho and 
Kong 2023) and previously modelled by Di Blasi and 
co-workers (Di Blasi 2008) among others. As mentioned 
this was also reported by the present authors for the 
pyrolysis of packed beds of the same size WS particles at 
6 ℃ min−1 HT in a 3 L min−1 of Ar (Barr et al. 2021). Here 
we observe a ~ 30% and ~ 70% v/v volume loss for the 
unwashed and washed samples, respectively. This signifi-
cant difference is attributed to the thermal robustness of 
aromatics present in lignin and their relation with alkali 
metals which are expected to be present in larger propor-
tion in the unwashed vs. the washed sample (Deng et al. 
2020).

Importantly, the unwashed sample shows an appreci-
able increase in volume in the 200–300 ℃ range, prob-
ably also linked to the softening and swelling of lignin 
at lower temperatures, reported already in the early 
1990’s by Ericksson and coworkers (Eriksson et al. 1991), 
among others. Accordingly, this increase in volume is 

not present in the washed sample. The softening of the 
lignin fraction more pronounced when less amount of 
alkali metals is present is also probably responsible for 
the sudden drop of the particle volume occurring at just 
over 300  ℃, a ‘turning-point’ temperature reported by 
Volpe and coworkers using different techniques in previ-
ous works (Volpe et al. 2015, 2016, 2019b). As such, the 
expected lower content of alkali metals in the washed 
sample causes a delay in the onset of particle shrinkage to 
approximately 450 ℃; however, a much more pronounced 
volume loss at the higher temperatures is observed.

The similarity in the shapes of the plot between the 
overall particle and particle material volume changes, 
(grey and blue, respectively in Fig. 3) is a clear indication 
that up to 450–500 ℃ the loss in particle volume is signif-
icantly linked to the devolatilization of the solid matrix, 
while for temperatures above those values, the opening of 
pores becomes also more significant.

2.2 � Evolution of porosity
The total volume of pores and the total volume of par-
ticle material (including pores) was tracked through the 
pyrolysis process and the overall porosity at a given tem-
perature was calculated using Eq. (1):

where φT is the overall porosity (or pore volume per unit 
particle volume), Vpore,T is the total volume of pores at 
temperature T, and Vmaterial,T is the volume of the parti-
cle solid material (not including pores) at the same tem-
perature. We indicate with φinitial the initial value of φT .

Values of φT and φT
φinitial

 plotted vs. temperature can be 
found in.

Washed WS shows a higher percentage of pores com-
pared to the unwashed sample: an average 10% higher φT 
is maintained on the washed sample throughout all the 
process. The initial higher porosity of the washed sample 
is caused by water dissolving organic acids (associated 

(1)φT =

Vpore,T

Vmaterial,T + Vpore,T

Fig. 1  3D rendering of the x-ray micro computed tomography obtained for a single unwashed particle of walnut shell at different temperatures 
over thermal treatment at ~ 12.5 K min−1 heating rate, from 25 ℃ to 575 ℃ peak temperature and 10 min holding time, in 10 L min−1 of Ar. Volume 
of solid is represented in grey color, volume of pores in light blue color



Page 5 of 14Salinas‑Farran et al. Biochar            (2024) 6:86 	

Fig. 2  3D rendering of single particle of walnut shell thermally treated at ~ 12.5 K min−1 heating rate, to 575 ℃ peak temperature and 10 min 
holding time, in ~ 10 L min−1 of Ar, and 3 2D segmented images. Light blue represents solid portion, white represents a void

Fig. 3  Total particle volume (inclusive of pores, □ grey), particle volume (∗ blue) and pore volume (○ red) plotted vs. temperature during biomass 
pyrolysis at ~ 12.5 K min−1 heating rate in 10 L min−1 of Ar. Each data point represents analysis from a 3D x-ray CT data set, taken sequentially 
throughout the pyrolysis process
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with hemicellulose), and other water-soluble organic 
compounds present in the raw biomass including aro-
matics related to lignin such as toluene and styrene (Deng 
et  al. 2020).Water washing is also well known to leach 
inorganics present in the biomass (Taylor et  al. 2020; 
Lee et al. 2020). The solubilization of some organic com-
pounds and leaching of inorganics are responsible for the 
opening of pores that facilitate heat and mass transport 
during pyrolysis, thereby facilitating the development of 
higher porosity. This evidence provides important indi-
cation for the use of mild pretreatments (such as water 
washing) to improve porosity in biochars.

The broad trends in the development of porosity in 
both samples are similar; however, the following notable 
elements emerge (Fig. 4B):

1)	 Both samples show a marginal or negligible increase 
of porosity during a generally steady pores develop-
ment regime, to a certain temperature, from which 
porosity starts to increase. This temperature was 
shown to be ~ 320  ℃ for the unwashed samples 
and ~ 420 ℃ for the washed sample. The 320 ℃ “turn-
ing point” has been reported by Volpe and coworkers 
in previous works where the change in the pyrolysis 
evolution regime was related to a release of hydrogen 
above the 300–330 ℃ temperature mark in similar 
set-ups using different analytical techniques (Volpe 
et al. 2015, 2016, 2019a). Notably, during the gener-
ally steady pores development regime, the porosity 
of the washed sample showed more variability (~ 5%) 
with temperature. We attribute this to the fraction 

of organic and inorganic compounds dissolved by 
the washing and the less ‘stable’ solid matrix result-
ing from it. It is important to also consider that the 
washing procedure introduces some uneven changes 
on the surface of the samples due to water permeat-
ing the inner pore network of biomass in an uneven 
way depending on a combination between pore size 
(larger pores are washed more easily and more effec-
tively than smaller ones, due to water surface ten-
sion) and surface functionalities (Barr et al. 2022).

2)	 Porosity increases sharply from ~ 470 ℃ to approxi-
mately 500–550  ℃, then sharply decreases and 
remains stable during holding at PT. These sharp 
changes are largely affected by the reductions in 
the overall particle volumes which appears at the 
denominator in φT as shown in Fig. 3 where the pore 
and particle volumes appear to diverge significantly 
(pores increase, volumes decrease) between the 
aforementioned regime changes points (320  ℃ for 
the unwashed sample and 420 ℃ for the washed one) 
and 500–550 ℃.

2.3 � Redistribution of porosity inside the particle
The changes of temperature are also responsible for a 
redistribution of the porosity inside the particle. In this 
section we attempt at a calculation of that redistribution 
and its dependence on temperature.

If we consider the particle to be a sphere of radius R, 
then the mean porosity for the particle can be calculated 
by the following expression:

Fig. 4  Porosity changes as a function of temperature. A Overall changes in particle porosity as a percentage of the total particle volume ( φT  ); B The 
changes in particle porosity relative to the initial porosity (  φT

φinitial
− 1)
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which can be approximated by:

where f (r) is the porosity function, which varies with 
radius and represents the porosity φT at a given distance 
from the center (i.e. the porosity of a given volumet-
ric shell comprised between radii ri+1 and ri), where i is 
equally spaced out at a 1 pixel distance (or 825 μm), and 
rn = R.

This simplification is particularly useful to track the 
changes in porosity with radius and therefore to identify 
the changes in location of pores with temperature simply 
by changing the intervals of integration or sum in Eqs. (2) 
or (3) respectively. At each radius the total volume at 
denominators in Eqs. (2) and (3) is calculated as the vol-
ume of the sphere at that radius.

Values at specific distances from the particle center are 
plotted vs. temperature in Fig.  5, where distance from 
center has been normalized to values comprised to 0 (the 
center) and 1 (the surface) to provide a direct comparison 
among solid particles of changing volumes.

For each of the two samples, porosity evolves consist-
ently in all the particle’s volumetric shells. Thus, in both 
the samples all shells broadly follow the overall particle 
behavior reported in Fig. 4, i.e. porosity in the unwashed 
samples peaks at 500 ℃ and then decreases, while it con-
tinuously increases with temperature in the washed one. 

(2)
mean porosity =

R∫

0

f (r) 4
3
πr2dr

Vmaterial + Vpore

(3)mean porosity ≈

∑n−1
i=0 f (ri)

4
3
πr2i (ri+1 − ri)

Vmaterial + Vpore

However, the redistribution of pores (i.e. the increase in 
porosity) towards the center of the particle becomes sig-
nificant in the washed sample at 575 ℃. At that tempera-
ture the washed sample has reached a broadly uniform 
distribution of pores across the volume. This is a particu-
larly relevant indication of the effect of pre-washing feed-
stock if a pore-dependent application is sought, where 
accessing pores located towards the center is expected to 
increase surface contact with the medium.

In addition, these results indicate that the core of the 
particle is more susceptible to thermal decomposition 
for temperatures higher than 550 ℃ when samples are 
pre-washed. This can also be seen as an effect of the 
higher degree of thermal stabilization in the unwashed 
sample, which, as discussed, is richer in inorganics, 
responsible for faster graphitization via nucleation 
of graphitic domains (Malik et  al. 2023). These find-
ings also corroborate what Klose and Schinkel (Klose 
and Schinkel 2002) have predicted through their 
model regarding the coalescing of smaller pores with 
temperature.

The total volume of pores in each shell can be divided 
by the total volume of pores in each particle at each tem-
perature (i.e. at each CT scan) in a way that the cumula-
tive porosity from the shell or radius 0 (at the center) to 
that of radius R (at the surface) will be equal to the total 
volume of pores in the sphere representing the particle. 
These values can be normalized to be comprised between 
0 (0 porosity at the center of the particle) and 1 (total 
pore volume at radius R) to obtain a direct comparison 
between particles at different temperatures. Figure  6 
reports a generic representation of such normalization 
plotted vs. normalized shell volumes.

Fig. 5  Distribution of porosity inside the particles. Porosity is calculated as defined in Eq. 1 for volumetric shells positioned at a distance 
from particle surface indicated as a normalized value in the x axes of the diagrams
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In such plot an equally distributed porosity through the 
particle is represented as a straight line with slope 1, indi-
cated as ‘uniform distribution’ in the figure. The more the 
curves in Fig. 6 ‘deflect’ from that straight line, the more 
the porosity is concentrated towards the center (convex 
curves) or the surface (concave curves). A measure of 
that ‘deflection’, given by the integral below each curve, is 

therefore useful to define the degree of pore concentra-
tion “Λ”, as the following equation:

where P(υ) is the function of the porosity P with respect 
to υ, the volume fraction of each shell with respect to 
total particle volume.

Given its definition, as also clear from Fig.  6, values 
for Λ are such that 0 < � < 1(%v/v)2 . Clearly values 
close to the extremes 0 and 1 are only theoretically pos-
sible and in reality Λ will tend to converge to values 
close to the 0.5 uniform distribution.

Figure  7 shows a plot of Λ vs. temperature for both 
unwashed and washed samples.

Values above 200 ℃ (at which we can consider the 
thermal degradation of the hydrocarbon fraction to 
begin) are linearly interpolated to calculate the “rate 
of pore opening towards the center”. The data and 
this interpolation provide two remarkably insightful 
observations:

1)	 Pores at the center of a washed sample are 
opened ~ 3.5 times faster with temperature when 
compared to unwashed samples;

2)	 The rate of pore opening towards the center is clearly 
slower than exponential. As such, this rate does not 
follow an Arrhenius-like kinetics.

(4)� =

1∫

0

P(υ)dυ

Fig. 6  Representation of cumulative pore volume (normalized 
with respect to the total volume of pores in the particle) vs. shell 
volume (normalized with respect to total particle volume) at generic 
temperatures T1 (blue) and T2 (red). The straight black line represents 
a theoretical uniform distribution of pores across the particle 
volume. The area colored in light blue represents the value of Λ 
at temperature “T1” as defined in Eq. (4)

Fig. 7  Normalized cumulative porosity vs. normalized distance from surface in unwashed and washed samples. Linear fit is calculated for values 
from 200  ℃ temperature (black squares). The blue horizontal dashed line at Λ = 0.5 indicates the theoretical condition where the porosity 
is uniformly distributed throughout particle volume. Values below 0.5 indicate pores distributed more towards the surface, while values above 0.5 
indicate pores distributed more towards the center
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Point (1) provides additional (and numerical) evidence 
of the beneficial influence of water pre-washing when the 
available pore surface is key to a biomass-based applica-
tion. Point (2) provides a qualitative representation of the 
influence of (heat and mass) transport limitations on the 
kinetics of thermochemical decomposition in the tem-
perature range analysed.

3 � Discussion
The results in present work allow to synthesise the fol-
lowing significant observations:

1)	 When heated to 575 ℃ samples of lignified biomass 
such as WS follow significantly different pathways 
when pre-washed in deionized water. This is related 
to the role that aromatics and inorganics play in 
the thermochemical conversion of biomass. Lignin 
undergoes a ‘softened’ phase responsible for an 
appreciable particle swelling before particle shrinkage 
occurs from 300 ℃ onward. Lignin is also responsible 
for a progressive stabilization of particles above that 
temperature and a significantly lower loss of particle 
volume compared to a sample in which aromatics 
and inorganics were partly removed by pre-washing.

2)	 The loss in particle volume during biomass pyrolysis 
is linked to numerous chemical reactions occurring 
in the space of a reactive evolving porous matrix in 
which the chemical structures of the solid changes 
due to reactions both in the homogeneous (solid) 
and heterogeneous (solid–gas solid-vapors) phases. 
Our results provide clear evidence of the influence 
that up to approximately 450–500  ℃ the shrink-
ing of particles is related to an evolution of the solid 
matrix. From that point, the evolving volume appears 
to be more influenced by the changing pore struc-
ture. Differences in the chemical structure of the 
solid matrix influence heat and mass transport phe-
nomena through the solid, thereby facilitating or 
slowing some of the reactions’ kinetics responsible 
for the devolatilization process. As such, the present 
evidence is key to aid existing computational efforts 
(Everson et  al. 2011; Singer and Ghoniem 2011) 
aimed at resolving the aforementioned chemical 
reactions undergoing in the evolving porous medium 
and providing important insights into the influence 
of particle size, particle shape, and microstructure on 
observed reaction rates, which are currently lacking 
(Ciesielski et al. 2020)

3)	 While a decrease in particle volume occurs via both 
volatilization of compounds and structural recombi-
nation taking place in the solid’s phase as tempera-
ture rises, porosity also generally tends to increase as 

volatile compounds escape the solid in the form of 
vapor or gas. However, owing to the aforementioned 
transport phenomena, this porosity increases differ-
ently with the position inside the particle and again 
differently if the particle is pre-washed or not. In the 
latter case the pores in the center of particles increase 
at a rate ~ 3.5 times faster with temperature to reach 
values above a uniform distribution of pores across 
the volume, i.e. a condition where there is more pore 
area in the center than at the surface.

4)	 The tracking of pore localization via a purpose-
defined parameter Λ with temperature shows a kinet-
ics of pore opening towards the center that is signifi-
cantly slower than the exponential, thereby showing 
a visual qualitative observation of the limitation of 
the chemical reaction kinetics imposed by transport 
phenomena. The trends shown for Λ provide clues to 
modelling efforts that attempt at studying the struc-
tural evolution of porous biomass particles undergo-
ing thermal treatments in the kinetically limited or 
pore diffusion-limited regimes such as (Singer and 
Ghoniem 2011).

It is worth mentioning that the present results are lim-
ited to the ~ 0.82 µm resolution of the micro-CT and that 
a non-negligible influence of the smaller pores would 
be unveiled from an analysis at the smaller (nanomet-
ric) scale. A much more complex and descriptive assess-
ment could be performed by a time/temperature- and 
space-resolved study of the evolution of the solid’s struc-
ture (eg. the crystalline vs. amorphous nature of carbon 
in the solid matrix). Multi-scale and multi-analytical 
in-situ techniques should combine nano-CT (for exam-
ple via ptychography) with other analytical techniques 
such as in-situ x-ray diffraction and x-ray fluorescence, 
to elucidate the still unresolved role of inorganics during 
pyrolysis. In addition, the authors believe that significant 
synergies still remain to be exploited through direct col-
laborations between modelers at the multiscale level and 
experimentalists.

4 � Conclusions
A method to follow the changes in particle morphology 
and porosity during biomass pyrolysis via synchrotron-
based x-ray computed tomography is presented. Data 
obtained through a bespoke semi-automated Matlab® 
image analysis routine showed information of the shrink-
ing particle size with temperature during pyrolysis and 
the influence of water pre-washing of feedstock. Evidence 
is presented on the evolution of porosity in particles and 
its redistribution inside particle volume with tempera-
ture. A purpose-defined parameter allowed us to evaluate 
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the rate at which porosity in the particle ‘moves’ towards 
the center which provided important information 
towards resolving mass- and heat-transport-limited reac-
tion kinetics during biomass pyrolysis at the scale ana-
lysed. Overall, our results provide direct observations to 
aid the numerous computational efforts aimed at resolv-
ing the mechanism of biomass thermochemical decom-
position towards the tuning of pyrolysis parameters to 
obtain precision-engineered biochars for environmental 
applications.

5 � Methods
5.1 � Materials and sample preparation
Walnut shell (WS) biomass samples sourced from a farm 
in Sicily (Italy). These shells represent the lignacious 
endocarp of the fruit, with lignin contents of around 
30% w/w. (Queirós et  al. 2019) Particles were milled 
to 2  mm using a Retsch® Ultra Centrifugal Mill, Series 
ZM 200, 240 V 50/60 Hz and a 2 mm mantle grate. The 
milled particles were then sieved to obtain 1–2 mm par-
ticle sizes in a Retsch® AS 200 Vibratory Sieve Shaker 
using a 1 mm sieve at an amplitude of 1.7 mm for 6 min. 
The particles were oven dried at 105 ℃ for 48 h using a 
Thermo Scientific, Heratherm® oven. Some shells were 
soaked at a concentration of 50 g L−1 in ultrapure deion-
ized (DI) water (electrical conductivity < 1µScm−1) and 
rinsed through a filter paper before they were again oven 
dried as described above. All samples were then stored 
under Ar at − 20 ℃ in order to prevent moisture intake 
or oxidation.

5.2 � Pyrolysis and image acquisition

i) Fixed bed reactor setup

Individual particles of ample were glued using high 
temperature glue Vitcas® Black Fire Cement 1250 ℃ on a 
2 mm dia. ~ 4 cm long quartz rod which was then placed 
in a 3 mm inner diameter (ID), 4.5 outer diameter (OD), 
6  cm long quartz tube which served  as a reactor. Alu-
minum foil was used to fix the sample holding rod to the 
outer tube. Samples were pre-packed, and the tube ends 
were  sealed using parafilm. Prior to experiments, para-
film was removed and the reactor was placed into a metal 
holder in turn fixed on an adjustable rotating stage.

The quartz tube was secured in the holder by means 
of an adjustable side screw  to ensure no movement of 
the reactor as the stage rotated. A resistively heated 
gas blower, manufactured at Diamond Light Source, 
was placed close to the quartz tube opening, to blow 
10 L min−1 hot Ar directly onto the sample, to serve both 
as heat carrier and sweep gas. The gas blower briefly con-
sisted of a resistively heated tungsten filament of about 1 
mm in diameter placed in a quartz tube of about 10 mm 

in diameter and 20 cm in length, through which the gas 
was blown. The tungsten filament was heated by means 
of 220 V 50 Hz current controlled by a power supply by 
means of a 500 μm dia. K-type thermocouple (TC) placed 
at the exit of the blower’s tube. A feedback loop created 
between the blower and the power supply controlled by 
a Proportional Integral Derivative (PID) controller guar-
anteed a linear temperature increase. The  PID program 
allowed to set input values of the peak temperature (PT), 
heating rate (HR) and holding time (HT) at PT. Another 
500  μm dia. K-type TC was placed inside the sample 
quartz tube to monitor and register temperature in the 
sample environment. A less than 50 ℃ temperature dif-
ference was recorded between the  sample environment 
and gas blower throughout all experiments. A picture 
of the set-up is presented in Fig.  8. The position of the 
heater tube close to the reactor ensured minimal heat 
loss and importantly, prevented air from entering the 
reaction zone. A ~ 0.5  cm of tightly packed rock wool 
was placed inside the bottom end of the quartz reactor to 
ensure that no air would be dragged in the reactor from 
its bottom opening.

ii) Pyrolysis reaction

The furnace PID controller was set to ramp 10 K min−1 
HR to 600 ℃ PT for a 10 min HT at PT. Before starting 
the heating ramp, the furnace was kept at room tempera-
ture for 10 min while 10 L min−1 of Ar was blown on the 
sample to remove any air in the reactor’s tube prior to 
pyrolysis. Once the heater was set to start, we waited for 
temperature to reach ~ 100 ℃ to start the CT scanning 
while recording both the furnace and sample tempera-
tures. The latter was recorded as the pyrolysis tempera-
ture. The ramps recorded for both unwashed and washed 
WS are reported in Fig.  9. The average ramps recorded 
were 12.1 and 12.9 K min−1 for the unwashed and washed 
WS, respectively. The recorded PT was 575 ℃ for both 
samples.

iii) Optical imaging setup

Experiments were performed at the Diamond-Man-
chester Imaging Branchline I13-2 (Rau et al. 2011; Rau 
2017) of Diamond Light Source (Oxfordshire, UK). 
A partially coherent, near-parallel, polychromatic 
‘pink’ beam (1.3 mm pyrolytic graphite & 3.2 mm alu-
minum filters; 8–30 keV; weighted mean ~ 27 keV) was 
used for the CT imaging. Images were phase-contrast 
enhanced, with a propagation distance of ~ 50  mm, 
and collected by a detector (pco.edge 5.5—PCO AG, 
Germany; sCMOS sensor of 2560 × 2160, 6.5  μm pix-
els) mounted atop a scintillator-coupled microscope of 
variable magnification. Magnification was set to give an 
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effective pixel size of 0.825 μm for data collection, using 
a 4 × magnification, 500 µm LuAG S007 scintillator.

Individual WS particles mounted as showed in Fig. 8 
were placed in line with the x-ray beam and the detec-
tor as schematized in Fig. 10. A series of 63 scans were 
acquired for each pyrolysis run at equally spaced angles 
over 180° of continuous rotation (‘fly scan’), with an 
extra projection (not used for reconstructions) col-
lected at 180° to check for sample deformation and 
bulk movements relative to the first (0°) projection 
(Atwood et  al. 2015). The following 2 scanning condi-
tions were applied. Condition 1 consisted of 1,800 pro-
jections acquired with an integration time of 0.1  s per 

frame. This was used for both the initial (or reference) 
scan, corresponding to the sample at room temperature 
before pyrolysis, labelled as “raw”, and the final scan 
after pyrolysis, again at room temperature, labelled 
as “char” (for biochar). Condition 2 consisted of 1,800 
scans and an integration time of 0.005  s, for the ramp 
up to the PT.

Longer exposure times allowed for a better image con-
trast for the CT scans of the ‘static’ raw and char samples. 
The shorter exposure time meant each CT scan during 
pyrolysis required approximately 90 s. This time was cho-
sen as a good compromise between obtaining sufficient 
contrast images and reducing the heat gradient (and sam-
ple changes in morphology) between the first and last 
projection of each operando scan.

Fig. 8  A reactor mounted on rotating stage and (B) close-up of the sample environment

Fig. 9  Pyrolysis temperature ramps for unwashed and washed 
walnut shells samples

Fig. 10  Schematics of the sample configuration between the x-ray 
beam source and the detector
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5.3 � Image processing methodology
An automated image processing methodology based on 
a series of Matlab® and Avizo® routines was developed 
with the main aim of producing statistically meaning-
ful, reproducible results. This methodology comprises a 
preliminary cleaning stage to improve image quality due 
to  the low signal-to-noise ratio of the acquired images. 
The cleaned images were segmented into three phases, 
namely: pores, particle material, and background.

Obtaining the binary masks for each scanning point 
was challenging due to the significant variations on image 
contrast throughout the process. The combination of 
mass loss and change in size of the WS caused the image 
histograms to vary widely, and it was not possible to use 
a single image processing routine for all scans in the data 
set (i.e. the masks could not be generated by batch pro-
cessing). Alternatively, a step-by-step approach was used 
to assess the best segmentation methods for each stage. 
In the first instance, and with the aim of minimising 
computational resources and to optimise the image pro-
cessing analysis, only 1 scan every 10 was used to assess 
the best methodology for different points in the data set. 
These scans were selected so that they represent different 
stages in the process.

Once the segmentation routines were determined for 
the different stages (i.e. different temperatures), the two 
sets of 63 scans were segmented and the morphologi-
cal changes were quantified by tracking the changes of 
the mask and not the original images to avoid introduc-
ing errors associated with the measured volume. Such 
error is mitigated by projecting a mask onto the appro-
priate grid in order to identify the relevant morphologi-
cal changes on the original untransformed image. This 
permitted to produce a 4D quantification library.

The main processing steps (Fig. 11) can be described 
as follows:

1.	 Noise was reduced by using different global filtering 
methods. The best results were obtained by using 
median filters at low temperatures, and Gaussian fil-
ters at higher temperatures.

2.	 A combination of watershed segmentation meth-
ods, careful thresholding, and morphological opera-
tions, such as opening and closing, were performed 
to segment the particle and its internal pores from 
the background. A binary mask was produced for the 
binarized image.

3.	 A normalized distance map was produced for each 
time step by dividing each distance value by the 
maximum distance to the surface. The main reason 
for this was to take into consideration the expansion/
contraction taking place at each stage of the process, 
so the porosity profile can be compared at different 
stages of the process.

4.	 The pore network was analysed at different locations 
of the sample using the normalised distance map 
produced in step 3.

This method is novel and opens the way to a fully 
automated procedure for the analysis of complex data 
such as those represented in the present work.
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