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A B S T R A C T

The properties of biochars produced in biomass pyrolysis processes highly depend on the pyrolysis conditions,
speciﬁcally the pyrolysis temperature and thermal treatment duration. The higher the temperature and the
duration, the more severe is the heat treatment. The present work proposes a new Heat Treatment Severity Index
(HTSI) for the quantiﬁcation of the heat treatment severity during the pyrolysis reaction. This metric takes into
account both eﬀects of reactor temperature and heat treatment time inside the reactor. The relevance of this
HTSI is assessed through analyzing the evolution of some properties of biochars obtained after pyrolysis of
370 µm beech wood particles in an entrained ﬂow reactor. These biochars were characterized for their chemical
composition (elemental analysis), structure (Raman spectroscopy) and reactivity towards oxygen (thermogravimetric analysis). These properties were well correlated with the HTSI following remarkable mathematical
relationships. This ﬁnding demonstrates the possibility to engineer biochars with controlled properties by a
careful mastering of the experimental conditions of the pyrolysis process in terms of temperature and heat
treatment time.
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1. Introduction
Currently, biomass is a crucial energy source allowing the shift from
a fossil fuels based economy to bio-resources based one. Various thermochemical processes are available for the biomass conversion to energy or to alternative fuels [1]. Among these processes, pyrolysis is an
attractive technique allowing the transformation of the raw biomass
into biofuels with a higher energy density including bio-oil and biochar
[2].
Hans-Peter Schmidt listed no less than 55 potential uses of biochar
[3]. These include for instance gasiﬁcation for syngas production, adsorption for gas or liquid puriﬁcation, catalysis in diverse reactions as
well as the use in soil fertilization [4,5]. The selection of the suitable
valorization strategy depends strongly on the biochar characteristics
such as chemical composition, surface functional groups and textural
properties [6,7]. These characteristics are inﬂuenced by the pyrolysis
conditions such as the reactor temperature, the particle size and heating
rate as well as the residence time [8,9].
Among these characteristics, the biochar chemical composition is
strongly aﬀected by the pyrolysis temperature. Uchimiya et al. have
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compared the elemental composition of chars prepared from the slow
pyrolysis of cottonseed hull at ﬁve temperatures (200, 350, 500, 650,
and 800 °C). Authors have observed that O and H atoms are released in
the gas phase when temperature increases. In particular, the O/C molar
ratio decreased from 0.59 to 0.06 and the H/C molar ratio decreased
from 1.38 to 0.08 when temperature increased from 200 to 800 °C [10].
This O and H release is due to the thermal degradation of biomass
components namely, cellulose, hemicellulose and lignin as well as the
residual biochar cracking. In contrast, no signiﬁcant eﬀect of temperature was observed on N content in the residual biochar.
The eﬀect of the heating rate on the biomass biochar composition
was also examined in literature. Although heating rate has a signiﬁcant
eﬀect on the biochar yield, no clear diﬀerence was observed for biochar
compositions when they were prepared at various heating rates for similar pyrolysis temperature. Onay and Kockar observed a similar chars
composition during the slow, fast and ﬂash pyrolysis of rapeseed at
550 °C [11].
The surface functionality of biomass biochar is also aﬀected by the
pyrolysis operating conditions. In particular, biochar oxygen functionality is progressively eliminated with increasing pyrolysis temperature

[12]. Hence, carboxylic groups are decomposed to CO2 at 100–400 °C
while the removal of lactones and carboxylic anhydrides occurs at
427–657 °C. The highest thermally stable C-O groups are pyrone
(900–1200 °C) followed by ethers, carbonylic and quinonic groups, and
phenolic and hydroquinic groups [13]. The removal of surface oxygen
groups when pyrolysis temperature increases is attributed to diﬀerent
reactions including dehydration, decarboxylation and decarbonylation.
These reactions lead to the condensation and the growth of small aromatic structures [14].
The structural properties also change with pyrolysis temperature
and biochar residence time. The local order in the biochar structure
increases when increasing the temperature and heat treatment time.
However, in chars this order is typically conﬁned to the growth of
graphene-like domains a few nanometers across with the structure remaining mainly porous and disordered at larger distances. The biochar
pores are also between hexagonal layers. The ordering of the structure
helps create pores through a rearrangement of the amorphous carbon
structures into denser graphene-like domains with increasingly severe
heat treatments [15,16]. Zhao et al. have analyzed biochar structural
properties using Raman spectroscopy for diﬀerent feedstock sources
and pyrolysis temperature [17]. They observed that both Raman D and
G bands were present in chars after a pyrolysis temperature of 500 °C.
These biochars had an ID/IG ratio ranging between 0.804 and 1.51.
The authors mentioned that the ratio of strongly distorted or disordered
structures of turbostratic carbon to ordered graphite crystals was
strongly inﬂuenced by pyrolysis temperature. Furthermore, the heating
rate has a signiﬁcant eﬀect on biochar structural properties. Brewer
et al. have compared biochars’ characteristics during slow and fast
pyrolysis as well as gasiﬁcation process [16]. They noted a marked
decrease in aromatic C-H functionality between slow pyrolysis and
gasiﬁcation chars using Nuclear Magnetic Resonance and Infrared
spectroscopy spectra. In addition, NMR estimates of fused aromatic ring
cluster size presented a similar structure from fast and slow pyrolysis
(7–8 rings per cluster), while biochar was much more condensed (17
rings per cluster) at higher temperature gasiﬁcation [18].
The biochar textural properties (pore size distribution, surface area,
pore volume…) are inﬂuenced by the pyrolysis conditions and also
strongly by the feedstock sources [19]. The available results in literature showed a large variability in micropores volume and surface area
values. In general, low values for textural parameters are obtained
below 450 °C and the highest values of micropores volumes and surface
areas are typically obtained at 500 °C–900 °C[10]. A low surface area
comes from lack of atomic size pores within hexagonal carbon layers
and pore blockage by condensed volatile matters.
The biochar pores are also between hexagonal layers. The ordering
of the structure could help create pores through a rearrangement of the
amorphous carbon structures into denser graphene-like domains with
increasingly severe heat treatments.
It is also worth mentioning that CO2 adsorption manometry may be
more appropriate than the commonly used N2 adsorption manometry
for detecting the microporosity of biochars, since CO2 accesses more
easily to these small pores (< 1 nm) than N2 [18].
The determination of the biochar characteristics, detailed previously, requires expensive analytical techniques and highly trained
and competent scientists or engineers. Therefore, the identiﬁcation of
correlation between biochar properties and other parameters related to
the experimental conditions would be of real interest for the assessment
of chars' suitability for various applications, potential rapid industrial
quality control procedures in the future, and for understanding more
fundamental aspects of the ﬁne structural changes which occur during
the pyrolysis and subsequent heat treatment process. Several attempts
have been performed to identify correlations between pyrolysis conditions, biochars properties and reactivity measurements. McDonaldWharry et al. [20] showed that the IV/IG Raman structural ratio was
correlated with heat treatment temperature for various types of chars.
Morin et al. observed a decrease of beech biochar reactivity with an

increasing pyrolysis temperature [21]. Several authors also correlated
biochar properties such as structural parameters, speciﬁc surface area
and pore volume of the biochar and their combustion and gasiﬁcation
reactivities [22–25].
In previous related works, we studied the evolution of chars properties obtained after pyrolysis of 370 µm beech wood particles in an
entrained ﬂow reactor in a temperature range between 500 °C and
1400 °C [26,27]. These chars were characterized for their chemical
composition (Elemental analysis), structure (Raman spectroscopy) and
reactivity towards oxygen (thermogravimetric analysis) [28]. The yield,
chemical composition, surface chemistry, structure, morphology and
reactivity of the chars were highly aﬀected by the pyrolysis temperature. In addition, some of these properties related to the biochar
structure and chemical composition were found to be correlated to the
biochar reactivity. Also, we have found that the structure and chemical
composition of these chars were well correlated through a remarkable
relationship between the (O + H)/C atomic ratio and IV/ID structural
parameter [29].
Our previous works as well as the literature overview well demonstrate that the biochar properties are dependent on the pyrolysis conditions in terms of reactor temperature and heat treatment time, which
can be viewed as indicators of the Heat Treatment Severity.
The deﬁnition of a severity factor or index for various type of biomass pretreatment and treatment reactions, such as for the steam explosion, pre-hydrolysis or acid hydrolysis, has been attempted and
successfully set as a parameter for the description of the reaction severity [30]. A severity factor summarizing the eﬀect of temperature and
time during the hydrothermal carbonization of biomass allowed also
ﬁnding clear tendencies in the production of hydrochars and derived
carbons in terms of yield, composition, and surface area [31]. Other
authors introduced an Integral Metric of Charring Intensity (CI) that
combines the temperature and duration of pyrolysis to characterize the
continuum of chemical transformations of biomass during the carbonization process [32]. The authors found two types of responses to CI:
either linear or threshold relationships. Mass yield decreased linearly
with CI, while a threshold existed across which %C, %N, and δ15N
exhibit large changes.
We propose in this work a new deﬁnition for a severity index that
correlates well with many of the biochar properties obtained from
biomass entrained ﬂow fast pyrolysis.
The biochars were prepared by an entrained ﬂow pyrolysis of
370 µm beech wood particles between 500 °C and 1400 °C [26,27], and
characterized for their chemical composition, structure and reactivity
[28]. Leaning on the modeling results validated with the pyrolysis experiments in [26,27], which provide data on the biomass particle pyrolysis and residence times, and on the biochar properties described in
our previous work [28], we searched for a suitable expression of a severity index that could be related directly on the measured biochar
properties. This work is a ﬁrst attempt for the investigation of this idea.
2. Material and methods
2.1. Raw biomass
Raw biomass used in this work is beech wood supplied by the
Sowood company (France). The raw wood is ﬁnely ground with particles having sizes ranging from tens of microns to a few millimeters.
After sieving, particles having a mean size of 370 µm were selected for
the pyrolysis experiments. This mean size should be appropriate to
avoid heat and mass transfer limitations during the EFR pyrolysis experiments.
The moisture content was determined by drying at 105 °C according
to the NF-EN- 14,774 standard. Ash content was determined by burning
the sample in air at 850 °C according to the NF-EN-14775 standard. The
oxygen content was determined by diﬀerence to the sum of C, H, N and
ash contents. The proximate and ultimate analyses are shown in

Table 1
Proximate and ultimate analyses of beech wood.
Proximate analysis

Moisture [wt% ar*]
Volatile Matter [wt% db**]
Fixed carbon [wt% db]
Ash (815 °C) [wt% db]

8.7
84.3
15.2
0.5

Ultimate analysis [wt% db]

C
H
N
S
O (by diﬀerence)

49.1
5.7
0.15
0.045
44.5

* ar: as received.
** db: dry basis.

Table 1.
2.2. Experimental Entrained Flow Reactor (EFR) set up
The EFR experimental set-up was previously described in details in
[26,27]. It consists of an alumina tube inserted in a vertical electrical
heater with three independent heating zones. The dimensions of the
tube are 2.3 m in length and 0.075 m in internal diameter. The heated
zone is 1.2 m long. The EFR works at atmospheric pressure and can
reach a maximum temperature of 1400 °C. The wood particles are
continuously fed into the reactor using a gravimetric feeding system.
The main N2 gas stream is electrically pre-heated before entering the
reactor. A sampling probe allows collecting the remaining solid in a
settling box.
2.3. Pyrolysis conditions
The pyrolysis experimental conditions are as follows:
The biomass mass ﬂow rate is set to a ﬁxed value of 1 g/min. The
mean particle size is 370 µm for all experiments. The gas residence time
was controlled with the nitrogen ﬂow rate, as the pyrolysis gas ﬂowrate
was much lower than the N2 one. The mean gas residence time was
determined knowing the nitrogen ﬂowrate, the reactor temperature,
length and cross-section.
The chars are produced from the biomass pyrolysis and gathered
from two experimental campaigns with two diﬀerent objectives:

• The ﬁrst one is related to medium temperature pyrolysis (500, 550
and 600 °C) aiming at maximizing the bio-oil production [26].
• The second one concerns high temperature pyrolysis (800, 1000,
1200 and 1400 °C) aiming at maximizing the gas fraction [27].

To sum up, seven chars were thus obtained and well characterized
as described in [28].
2.4. The GASPAR model
During the entrained ﬂow pyrolysis, a biomass particle entering the
top of the reactor of a length L, at the time t = 0, corresponding to the
spatial coordinate Z = 0 is heated by convection and radiation. It dries
and gets pyrolyzed as its temperature increases. If the temperature is
high enough, the pyrolysis process ﬁnishes at the time tPyr at a position
Z < L before it leaves the reactor. The biochar keeps going down in the
reactor until it leaves at tRes, corresponding to the spatial coordinate
Z = L. Between tPyr and tRes, the biochar remains at a high temperature
and is further heat-treated. A schematic illustration of these stages is
shown in Fig. 1.
The GASPAR model [27,26,33,34] was developed to describe the
pyrolysis and gasiﬁcation of biomass particles in an EFR. It is a 1-D
model that accounts for the main physical phenomena and chemistry
related to the heterogeneous and gas phase reactions. The robustness
and accuracy of the model for prediction of product yields was

Fig. 1. Schematic representation of a biomass particle during entrained ﬂow
pyrolysis.

validated over a wide range of temperature, atmospheres and particle
size [27,35].
In the present study, the GASPAR model was used for the calculation of (Fig. 1):

• the particle residence time t
•

Res which is the residence time of the
solid particle, regardless of its state (fresh biomass, pyrolyzing biomass or biochar) in the heated part of the reactor,
the particle pyrolysis time, tPyr , which is deﬁned as the time at which
the mass of solid particle is at less than 1% from its ﬁnal value after
complete devolatilization.

The entrained ﬂow reactor is modeled as a plug ﬂow reactor.
Temperature and concentrations are supposed to be uniform inside the
particles. Heat conduction inside the particles −370 µm in the present
study - is supposed to be much more rapid than pyrolysis chemical
reaction. A characteristic time analysis based on the same principles as
those described in [36], shows that this assumption is only valid for
temperatures of 600 °C and below. For temperature higher than 800 °C,
external heat transfer controls the pyrolysis rate, and the uniform
particle temperature assumption does not have any signiﬁcant inﬂuence on the results.
The particle residence time is calculated considering the slip velocity between solid particles and gas. The slip velocity depends on the
particle density and size, and on their evolution as pyrolysis proceeds,
between the density and size of wood particles and those of biochar
particles [37].
Particle pyrolysis is modelled by a one-step reaction in which biomass is decomposed into gas species, tar and biochar. The kinetic of
pyrolysis reaction follows an Arrhenius law in which the activation
energy and pre-exponential factor are equal to 89500 J.mol−1 and
1.483 × 106 s−1 respectively [38].
2.5. Characterization techniques of the biomass chars
The characterization techniques of the chars comprising elemental
analysis, Raman spectroscopy, SEM-EDX, FTIR spectroscopy as well as
thermo-gravimetric analysis are described in [28]. The biochar chemical composition, structure through Raman spectroscopy and reactivity tests in air through thermo-gravimetric analysis were discussed
in [28].

3. Results and discussion
3.1. The Heat Treatment Severity Index (HTSI) deﬁnition
As discussed in the introduction part, as the biochar yield and
properties are both temperature and heat-treatment time dependent, a
severity index should account for both of those parameters to be relevant for the reaction severity description. We hypothesized that the
HTSI should be the product of two terms:

• The ﬁrst term would be obviously related to the heat treatment
temperature of the biochar, which we deﬁned as:

⎛ TReactor ⎞ .
TRef ⎠

e⎝
⎜

⎟

TRef and TReactor are respectively a reference temperature and the reactor
temperature expressed in Kelvin. The value of the reference temperature can be arbitrary ﬁxed. Strong correlations between the diﬀerent
biochar properties and the HTSI can be obtained for any arbitrary TRef
value chosen as a constant between 400 and 600 K (R2 = 0.96–0.99).
Regarding those results, we chose to ﬁx TRef so as to maximize the
average R2 calculated from the diﬀerent correlations.

•

The second term is related to the biochar heat treatment duration
and deﬁned as:

⎛ tRes ⎞
⎜
⎟
⎝ tPyr ⎠

where tRes and tPyr deﬁned previously are expressed in seconds.
Three particular situations can be distinguished:

( ) < 1: the biomass particle is not completely pyrolysed
o ( ) = 1: the biomass particle is completely pyrolysed but the
biochar leaves the reactor without any extra heat treatment
o ( ) > 1: the biomass particle completely pyrolysed and the bio-

o

tRes
tPyr
tRes
tPyr
tRes
tPyr

char is heat treated in the reactor.

The expression for the Heat Treatment Severity Index reads:

t
HTSI = ⎜⎛ Res ⎞⎟ e⎝
⎝ tPyr ⎠

⎛ TReactor ⎞
TRef ⎠
⎜

⎟

(1)

The values of tRes andtPyr obtained from the simulation results, as
well as the calculated HTSI for the diﬀerent pyrolysis experiments are
given in Table 2.
Only the 500 °C condition results in a non-completely formed biochar. However, as the pyrolysis conversion was high for this condition
(94% based on subsequent mass loss upon heating at 500 °C in a
thermo-gravimetric analyzer), we judged interesting to include it in our
analysis. The diﬀerent biochars are labeled as: Biochar - HTSI – (HTSI
number) as shown in Table 2.

Fig. 2. Char yield as a function of log (HTSI).

3.2. Biochar yield
The biochar yield was determined by weighing of the solid recovered in the biochar collection pot for the 500–600 °C experiments.
For all the other experiments performed above 800 ◦C, about 80% of
the products were sampled. The biochar yield was then calculated using
the ash tracer method, as described in [25]. The biochar yield decreased
from 14% at 500 °C to 4% at 1400 °C corresponding respectively to
HTSI values of 2.00 and 504.35. The decrease of biochar yield with
higher HTSI is likely due to faster heating rates at higher temperatures,
shorter volatiles residence time in the biomass particle and promotion
of volatiles/char cracking reactions into light gases instead of their
cross-linking into a solid secondary char [39,40].
The biochar yield as a function of the HTSI is shown in Fig. 2. We
found that the biochar yield is linearly correlated to the natural logarithm of HTSI (R2 > 0.97) following the relation:

Ybiochar = −1.6267log(HTSI ) + 13.7392

(2)

Although the correlation is good, this equation might only be appropriate to our fast-pyrolysis setup, feedstock and conditions. Further
investigations will be needed to determine if a version of HTSI can be
used to predict yield in other pyrolysis/carbonization systems and with
other feedstocks.
Precaution is necessary here because several experimental parameters such as the particle size, gas ﬂow rate, or heating rate can
modify the biochar yield. For instance, in slow pyrolysis conditions,
biochar yield change is quite low once the biochar has reached high
enough temperatures (minor mass loss between 700 and 1400 °C in an
oxygen free environment). Moreover, a multistep pyrolysis heating
procedure can induce an increase of the biochar yield even after a
subsequent higher temperature treatment step [41].

Table 2
Pyrolysis experimental conditions in the EFR and derived particle residence time and pyrolysis time from the modeling results.
Reactor temperature TPyr [°C]

Gas residence time
[s]

Particle residence time
tRes [s]

Particle pyrolysis time
tPyr [s]

Heat Treatment Severity Index HTSI
[–]

Biochar label

500
550
600
800
1000
1200
1400

16.6
16.6
16.6
4.9
4.9
4.9
4.9

2.99
4.57
5.68
2.27
2.38
2.51
2.48

5.75
2.64
1.37
0.35
0.19
0.098
0.091

2.00
7.28
19.02
42.18
116.09
334.73
504.35

Biochar-HTSI-1
Biochar-HTSI-2
Biochar-HTSI-3
Biochar-HTSI-4
Biochar-HTSI-5
Biochar-HTSI-6
Biochar-HTSI-7

Table 3
Chemical composition and atomic ratios for the diﬀerent chars.
Sample

C
[mol % afb]

H
[mol % afb]

O
[mol % afb]

Biochar-HTSI-1
Biochar-HTSI-2
Biochar-HTSI-3
Biochar-HTSI-4
Biochar-HTSI-5
Biochar-HTSI-6
Biochar-HTSI-7

47.1
56.1
63.4
64.2
74.4
77.6
84.0

37.5 ± 0.8
32.4 ± 0.8
26.8 ± 1.1
26.9 ± 0.9
15.0 ± 0.2
14.0 ± 0.3
9.9 ± 0.3

15.4 ± 1.5
11.6 ± 0.5
9.9 ± 1.5
8.9 ± 0.6
10.6 ± 2.8
8.3 ± 2.2
6.2 ± 2.4

±
±
±
±
±
±
±

2.3
1.3
2.7
1.5
3.1
2.6
2.7

Fig. 4. Example of the Biochar-HTSI-7 Raman spectra and illustration of D
band, G band and Valley region intensities.

with a dwell time of 600 min. Even if the results concerned slow pyrolysis (10 K/min), the O and H emission to the gas phase was eﬀective
and may be greater for a high heating rate nascent biochar like those of
the present study obtained from entrained ﬂow pyrolysis.
Controlling the chemical composition of chars is relevant to many
applications such as tar removal by adsorption on biochar, which depends on its carbon content [43]. Moreover, the carbon content of the
biochar can be seen as an indicator of the stability of the biochar in the
soil when focusing on application of soil quality improvement or carbon
sequestration for global warming mitigation [7].
3.4. Structural changes of the biomass particles as revealed by Raman
spectroscopy

Fig. 3. Evolution of C and H molar contents with HTSI.

3.3. Chemical composition
The chemical composition of the biochar samples is given in the
Table 3. The C content increases from 47.1 mol% for the biochar-HTSI-1
to 84 mol% for the biochar-HTSI-7, reﬂecting C enrichment of the
biochar when increasing the severity. This C enrichment is accompanied by a release of H and O atoms to the gas phase and a progressive
ordering of the biochar structure [42].
Fig. 3 shows the evolution of C and H molar contents as a function of
the HTSI natural logarithm. We can observe that the two molar ratios
are remarkably correlated to the natural logarithm of HTSI following
linear relationships:

Cmol . % = 6.2971log(HTSI ) + 43.1575

Hmol . % = −5.0162log(HTSI ) + 41.951

(3)
(4)

The linear dependence of O content on the logarithm of HTSI is less
accurate. These derived relationships imply that at very high HTSI
values (∼8000) which corresponds to highly severe conditions, the
Cmol. % tends toward 100% while H mol. % tends towards zero approaching the chemical composition of glass-like carbon.
The closeness of the chemical composition of biochar-HTSI-3 and
biochar-HTSI-4, prepared respectively at 600 °C and 800 °C (Table 3)
was very surprising for us, regarding the high temperature diﬀerence of
200 °C. However, in the light of the established HTSI deﬁnition, for
which the values for biochar-HTSI-3 and biochar-HTSI-4 are close,
those interrogations ﬁnd plausible explanations. Indeed, the fact the
biochar-HTSI-3 resided more in the reactor than the biochar-HTSI-4,
would have resulted in more O and H emission to the gas phase, which
bring the chemical composition of biochar-HTSI-3 quite close to that of
biochar-HTSI-4. Similar observations have been made in the literature
by Yip et al. [9] who obtained similar carbon content for wood chars
obtained at 900 °C without a hold time and wood pyrolyzed at 750 °C

Increasing the pyrolysis temperature strongly aﬀects the biochar
structure as agreed and discussed in the literature [44–47]. In our
previous work, we reported the evolution of the biochar structure in
function of the reactor temperature using Raman spectroscopy [28].
The characteristic bands are illustrated in Fig. 4. Their intensity ratios,
ID IV
,
and IV are representative of the biochar structure. The values of
IG IG
ID
these ratios, as well as that of the total Raman area TRA are reported in
Table 4.
These band intensity ratios are illustrative of the structural ordering
in the biochar. For instance, the IV intensity ratio was observed to deIG
crease with the temperature following a power law [15]. Also, we reported and discussed the increase of ID ratio, as well as the decrease of
IG

IV
IG

and IV ratios with the reactor temperatures [28]. In another study,
ID
the D band area was seen to increase with the heat treatment time for a
Western Australia mallee wood biochar, especially in the early stage
after the nascent biochar formation [42].
As the biochar structure depends on the temperature and heat
treatment time, the Raman structural parameters should be in some
ways correlated to the HTSI. This is what we found for the ID and IV
IG
ID
ratios.
Table 4
Total Raman Area (TRA), ID/IG, IV/ID and IV/IG ratios for the diﬀerent chars.
Sample

TRA

Biochar-HTSI-1
Biochar-HTSI-2
Biochar-HTSI-3
Biochar-HTSI-4
Biochar-HTSI-5
Biochar-HTSI-6
Biochar-HTSI-7

410.87
418.53
368.25
438.93
411.66
362.75
254.78

IV
IG

ID
IG

±
±
±
±
±
±
±

10.23
8.01
12.67
15.86
14.34
16.22
12.35

0.76
0.82
0.81
0.90
1.01
1.20
1.44

±
±
±
±
±
±
±

0.05
0.03
0.07
0.08
0.05
0.06
0.04

0.82
0.74
0.65
0.62
0.62
0.63
0.39

IV
ID

±
±
±
±
±
±
±

0.05
0.05
0.05
0.05
0.05
0.05
0.05

1.08
0.91
0.80
0.69
0.62
0.53
0.27

±
±
±
±
±
±
±

0.04
0.05
0.03
0.07
0.05
0.05
0.03

Fig. 5. ID/IG as a function of HTSI.

Fig. 7. Mean char reactivity index as a function of log (HTSI).

Indeed. as shown in Fig. 5, the ratio ID , which represents the ratio of
IG
large aromatic ring clusters showing defects to the graphitic ones is
found to be remarkably correlated with the HTSI following a linear
relationship (R2 > 0.99):

(< 6 rings) to the larger ones bearing defects (D band-related structures). The correlation between IV and HTSI, implies a conversion of
ID
sp3-rich amorphous carbon along with increasing growth in nanometersized graphene-like domains (or condensed poly-aromatic clusters
with > 6 rings).

ID
= 0.001261HTSI + 0.80549
IG

(5)

ID
IG

ratio is proportional to the number of ordered rings in
The
amorphous carbons [48]. D-band signal requires ordered graphene-like
domains within a few nanometers of disorder or defects to be 'activated'. The maximum ID ratio typically occurs once inter-defect disIG
tances or graphene-like domain sizes are around 2–4 nm. The formation
of structures which produce D band signal from the condensation of
small aromatic ring clusters increases at higher HTSI [28]. This condensation of small aromatic systems into larger ones is temperature and
heat treatment time dependent as found in [42].
To the authors best knowledge, there is no correlation in the literature establishing the dependence of the biomass biochar structure to
those two structure-inﬂuencing parameters.
The correlation between the biochar structure and the HTSI is veriﬁed also, as shown in Fig. 6, by the linear dependence of the structural
ratio IV to the logarithm of HTSI (R2 > 0.96):
ID

IV
= −0.12736log(HTSI ) + 1.1744
ID

(6)

The parameter IV represents the ratio of the small aromatic systems
ID

3.5. Reactivity towards O2
The biochar reactivity indexes were determined from reactivity tests
in air atmosphere using a TGA. Those values were in our previous study
and the reactivity index was found to be correlated to the IV/ID ratio
[28], meaning that the biochar reactivity decreases with a higher
structural order of the chars. When analyzing the evolution of the reactivity index with the HTSI, we noticed that these two parameters
were correlated following a power law as shown in Fig. 7. The following
relationship can be derived:

log(Rindex ) = −0.15895log(HTSI ) − 4.283

(7)

This decrease in reactivity could be related to the departure of O
from the biochar surface as well as to the structural ordering of the
biochar matrix as revealed by the Raman spectroscopy analysis. Such
observations on the decrease of the biochar reactivity with the pyrolysis
temperature were also reported in other studies [45,21].
3.6. Fixing the TRef value

The TRef value aﬀects directly the quality of the ﬁt for the diﬀerent
identiﬁed correlations. The variation of the diﬀerent correlation coefﬁcients, obtained for the diﬀerent linear relationships, with TRef is illustrated in Fig. 8. One can see that R2 increases with TRef for the correlations involving the biochar yield and ID/IG. It is almost constant for
the correlation related to H mol% and increases for that related to C mol
% in the low temperature range before becoming almost constant. R2
decreases with TRef for the correlations involving the reactivity index
and the IV/ID ratio. In the present work, we chose to ﬁx the value of TRef
at 573 K. This temperature corresponds almost to the beginning of the
pyrolysis process and leads to the highest average R2 when taking into
account all the identiﬁed correlations between HTSI and the analyzed
biochar properties.
4. Conclusion

Fig. 6. IV/ID as a function of log (HTSI).

In this study, we reported a new dimensionless number called the
Heat Treatment Severity Index (HTSI), as a new metric for the thermal
treatment severity in the process of biomass entrained ﬂow pyrolysis.
This new HTSI takes into account both eﬀects of reactor temperature

[15]

[16]

[17]

[18]
[19]

[20]
[21]

Fig. 8. Evolution of R2 for the diﬀerent identiﬁed correlations as a function of
TRef .

[22]

[23]

and heat treatment time, which are known to aﬀect the biomass biochar
properties. We found that the chemical, structural and reactivity
properties of biochars obtained via an entrained ﬂow pyrolysis of
370 µm beech wood particles are correlated in remarkable ways with
the HTSI. HTSI based models could potentially be used to predict biochar properties from production conditions though this will require
further validation.
We think that this new idea of HTSI has to be further investigated
and validated with extended experimental studies including other
biochar properties, other biomasses and reactor technologies. This new
parameter could constitute a new and rapid measure of the heat
treatment severity in the process of biochar production in order to
control their properties for deﬁned applications.
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