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CARBON REACTIVITY IN BIOMASS THERMAL BREAKDOWN
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ABSTRACT

The thermochemical behavior of dry grape residues was assessed during pyrolysis experiments in a
horizontal batch reactor. Grape marc (a mix of 50% seeds and 50% skins w/w % db) was pyrolysed
during slow heating experiments (50 °C min™) in a quartz reactor to peak temperatures between 150
and 650 °C, under a continuous flow of nitrogen (1.5 L min™). Solids recovered after treatments
(chars) were then subject to thermo-gravimetric analysis (TGA) in order to assess the reactivity of
the carbon contained in them. Results on chars showed a linear increase of fixed carbon (FC) with
reaction peak temperature. Elemental analyses on chars showed a consistent linear increase of
Carbon (C) and a linear decrease of Oxygen (O) with reaction peak temperature. On the contrary,
the hydrogen (H) content remained relatively constant to approximately 325 °C and then decreased
steadily as the reaction temperature was raised further. The reactivity of C in solids was investigated
by definition of an index p(C), which was shown to remain approximately constant up to 325 °C
and then significantly decrease above that temperature. The decrease of C reactivity initially related
to the release of the more reactive C within the volatiles and then (for higher reaction temperatures)
was shown to be mainly related to deactivation reactions within the solids. A correlation was also

shown between C reactivity and the release of H from thermal breakdown. As long as H

*Corresponding author. Tel: +39 0935536448; Fax: +39 0935 536951

E-mail address: antonio.messineo@unikore.it (A. Messineo).
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concentration in solids remains constant (for reaction peak temperatures up to 325 °C), C reactivity
remains close to the value found for raw feedstock. Then, between 325 and 400 °C, H content in
solids decreases by 1.5% (w/w daf) and C reactivity drastically drops by 50%. This trend continues
up to the highest reaction peak temperature tested (650 °C), for which the H content in solids is
approximately 2% (w/w daf) and C reactivity is dropped by 70%. Elaboration of results from
previous experiments on different feedstocks (as better described in results and discussion) also
confirm this finding. We speculate that when temperature is raised to 250-325 °C, lower energy
bonds are broken first as oxygenated compounds are released leaving large radicals behind. Results
from earlier studies on coal suggest that these radicals may either bond to each other to form
heavier compounds or are quenched by unpaired Hydrogens (H radicals) to release oils/tars. When
temperature is raised (above 325 °C) unpaired H begin to bond to each other to form H, therefore
larger radicals more significantly bond to each other to leave heavier less reactive compounds on
char. At temperatures above 500 °C, carbon in char becomes more stable mainly due to

rearrangement and deactivation reactions in solids.

Keywords: Agro-waste, pyrolysis, carbon reactivity

1. Introduction

Agricultural and agro-industrial waste is a promising source of renewable energy that could
potentially reduce dependence from fossil fuels. Among agricultural activities, wine making is
particularly prominent throughout all Italy. Sicily plays an important role with its near 450 kt of
wine produced yearly [1].

As a result, some 130 kt of grape pomace are produced in the relatively short time of the wine
campaign (typically during the months of September and October) [2]. Clearly this significant
amount of waste poses an important disposal issue. Studies on alternative sustainable uses of the

Sicilian agricultural and agro-industrial wastes could significantly foster the development of local
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waste-fed value chains [3, 4]. Thermal breakdown of biomass as a raw material to produce energy,
fuels or high value chemicals has been reported extensively for example in [5-7]. However, despite
the significant research effort, a lot still remains unknown on the reaction pathways during thermal
breakdown of biomass.

In [8], Bridgwater shows the potentials and implications of the main dry thermal treatments to
convert biomass feedstock into valuable product for energy purposes. That study highlighted the
different characteristics of products that can be obtained from different reactor configurations, but
also the technical barriers that still hinder full deployment of these highly desirable technologies. In
another recent review, Mettler and co-workers [9] pointed out that “Despite decades of study, the
fundamental science of biomass pyrolysis is still lacking and detailed models capable of describing
the chemistry and transport in real-world reactors is unavailable ”, owed to the extremely complex
reactions that occur among products of thermal breakdown.

Prior to extensive work on biomass, the 70’s oil crisis boosted a strong commitment of researchers
to study ways to derive synthetic fuels from coal. Liquefaction and thermal treatment experiments
shed light on the intricate set of reactions, which occur during breakdown of different grade coals,
and in particular the role of principal elements on the final products yields and compositions [10].
Whilst the similarities between coal and biomass thermal breakdown would still need some deeper
investigation, those works offer useful insights to investigate biomass thermal treatments.

In a recent review Morgan and Kandiyoti [11] looked at results from some early work on coal to
thoroughly describe the influence of secondary reactions among the products of coal and biomass
thermal breakdown. These reactions also depend on time allowed for volatiles to react with solids,
hence of course on that experimental set-up. In that work, the authors discussed also how speed of
reaction influences products, again owed to the time allowed for volatiles to interact with their
precursors. Hydrogen, in particular, was deemed to play an important role. Early work on coal

liquefaction [12] highlighted the role of H in quenching free radicals formed during liquefaction of
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eight different coals and concluded that ‘the free radical concentration after thermal treatments
correlate well with the propensity of a given solvent to donate its hydrogen .

Recently, Volpe R., Volpe M. and co-authors analyzed the outcomes of dry thermal treatments of
other two agro-industrial wastes such as olive pomace [13] and citrus wastes [14] subject to slow
pyrolysis in a horizontal Gray king type reactor. That set-up was tailored at measuring the outcomes
of slow pyrolysis where significant amount of secondary reactions between volatiles and solids
were allowed to occur.

In [13], the role of H on the energy densification of material was highlighted. That work clarified
that when olive wastes (trimmings and pomace) were pyrolysed, H concentration in chars dropped
when reaction peak temperature was raised above 300 °C. The decrease of H content in solids was
deemed responsible for a drastic drop in their energy content.

From a practical point of view, thermal breakdown of biomass, such as torrefaction or pyrolysis, is
useful to upgrade the parent feedstock to higher value products. Depending on the aim to be
achieved, the process is tailored at maximizing solids, liquids or gases or (if and when possible) to
obtain a specific composition of the products. For example, one may aim at maximizing liquid yield
(such as in fast pyrolysis) or improve energy density of chars (mild pyrolysis) or obtain good
quality syngas for the synthesis of bio-based chemicals. The general tendency is, however, to more
integrated processes where multiple results can be obtained simultaneously [15].

This approach requires a better understanding of how products of pyrolysis evolve as biomass is
thermally broken down. For instance, one could opt for exploiting the potential contained in
gaseous or liquid portions, and leave the ‘less useful’ products in the chars. Recently, along these
lines, biochar is attracting significant interest due to its use as a potential means for carbon capture,
so that “Biochar offers the chance to turn bioenergy into a carbon-negative industry” [16]. This
may be accomplished by allowing the feedstock to release the more reactive portion of C in gaseous
and liquid products and leave the less reactive portion on solids. However, how reactivity of C

changes and what reactions affect it still remains a question.
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Through a set of experiments in a horizontal batch reactor, the present study attempts at answering
this question by shedding some light on the possible pathways that govern the reactions during
thermal breakdown of biomass. In particular, by investigating the reactivity of the elemental C left

in chars, and the possible correlations to what and how volatiles are released.

2. Material and Methods

2.1. Material selection and sample preparation.

Fresh grape marc (a mix of 50% w/w db skins and 50% %w/w db seeds), collected at a wine-
production site located in Trentino region [17], were dried in a fan assisted oven at 102 °C until
constant weight and kept in a desiccator (following standard BS EN 14774-2:2009).

2.2. System set-up

A horizontal fixed-bed type reactor, derived from the standard Gray-King assay test on coal was
purposely modified to conduct pyrolysis tests. The reactor design and full details of set-up are
described in [18]. Briefly, the system consists of a quartz-made cylindrical reactor 340 mm long and
20 mm i.d. closed at one end. A special quartz cap equipped with a 8 mm i.d. quartz inner tube
allows a flow of inert gas into the reactor and through the feedstock in order to sweep volatiles
away into a cold trap (mix of glycol, dry CO, and water bath kept at -27 °C) used to collect
condensable products for mass balances.

2.3. Test run

A series of pyrolysis experiments (150 °C — 650 °C peak temperatures) have been carried on grape
marc under a flow of 1.5 L min™ of Nitrogen (Airliquide 5.0 Alphagas 1). Approximately 10 g (db)
of sample were heated to the desired peak temperature at 50 °C min™ heating rate and kept at peak
value for 30 minutes. Gas residence time was evaluated to be approximately 3.3 s.

2.4. Analytical determinations

Proximate and ultimate analyses were conducted on raw materials, as well as on chars.
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Proximate analyses were carried out by a LECO Thermo-gravimetric Analyser TGA 701. Moisture
content (M), volatile matter (VM), and ashes of solid samples were determined according to the
following thermal program: 1) 20°C/min ramp to 105° C in air until constant weight (< £0.05%) (to
determine moisture content); 2) 15 °C/min ramp from 105 °C to 900 °C, hold time 7 min in N to
determine volatile mass (VM); 3) cool down naturally to 500 °C in Ny; 4) 20 °C/min ramp in air to
800 °C and isothermal until constant weight to determine ash content. Fixed carbon (FC) was
evaluated by difference.

Ultimate analyses were performed using a LECO 628 analyzer equipped with Sulphur module for
CHN (ASTM D-5373 standard method) and S (ASTM D-1552 standard method) content
determination.

Higher heating values (HHV) were evaluated according to the CEN/TS 14918 standard by means of
a LECO AC500 calorimeter.

2.5. Energy properties of Chars

Mass yields and energy yields after experiments were calculated according to the following

formulas:
M,
Mass yield =(—* 1
y (nM) (Mo)daf ( )
. HHYV;
Energy yield (ng) = ny X (HHVt)d r ?
o/ da

where M is the weight of char and M, is the original mass (both dry ash free), HHV; is the high
heating values of a char obtained at ‘z’ peak temperature and HHV, is the high heating value of raw

material.
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148 3. Results and Discussion
149 3.1 Products yields, proximate and ultimate analyses, energy properties.
150 Table 1 reports the yields in products, the proximate and ultimate analyses, and the energy
151  properties of chars. Energy yields in solids appears approximately constant for temperatures up to
152 325 °C and then decreases steadily above those temperatures. This indicates that above that value,
153  the process will be more useful to optimize outcome in liquid and gaseous products. In this latter
154  case, the chars are probably better used for carbon capture purposes.
155
156  Table 1. Product yields, proximate and ultimate analysis. Analyses conducted in duplicates. Error <
157  3%.
% w/w daf
HHV Energy
Sample Solid Liquid Gas* VM% Ash% FC% C H N S O
(MJ/kg daf) yield (ng)
Raw 100 - - 723 41 277 549 63 17 - 370 21.9
150°C 93.5 0.9 56 731 39 269 532 60 19 - 389 21.9 -
180°C 900 20 80 727 37 273 547 58 19 - 376 23.0 0.93
200°C 881 46 73 715 46 285 575 61 19 - 346 23.7 0.95
250°C  79.9 89 112 674 43 326 620 61 20 - 299 23.9 0.95
325°C 595 184 221 545 58 455 719 58 22 - 201 26.6 0.87
400°C 428 280 292 399 80 60.1 761 45 23 - 172 31.3 0.72
500°C 343 350 307 296 104 704 832 3.1 23 - 114 32.6 0.61
650°C  30.5 342 353 191 129 809 898 20 25 - 5.7 33.5 0.51
158  * by difference
159
160  In [19], authors conclude that if char were to be used as a fuel, a good temperature to obtain it from
161  biomass was 300 °C owed to the fact that more slagging and fouling problems were present during
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combustion of pyrolitic biochar. Products yields vs reaction peak temperatures (Figure 1) show that

liquids increase steadily up 500 °C and then remain approximately constant above that value.

Total volatiles (% w/w daf) (TV) increase at higher rates between 250 and 400 °C, and then that

rate of increase is significantly reduced above that value. Similarly solids decrease (% w/w daf) at a

steady rate between 250 and 400 °C and then the rate of decrease is reduced. Hence, above 500 °C

liquids appear to be constant and gas yield increases at the solids expense. The decrease in the rate

of production of tar at higher temperatures is probably due to a combination of two factors: 1)

thermal cracking of vapor into lighter compounds and 2) catalytic cracking of tar precursor on hot

solids. Above 500 °C, vapors (tar precursors) start to break into lighter compounds while they form

chars [20].

100%

90% -

80% -

Yields (% w/w daf)

20%

10% -

0%

70% A

60% -

50% -

40% A

30% A

{1+ X

X
+

Total volatiles
Liquid

100

200

300 400

500 600 700

Reaction peak temperature ( °C)

Figure 1. Products yields vs reaction temperature.

The rates at which the two phenomena occur seem balanced at this temperature. In addition, some

gasification of solids may begin to occur under self-produced gases. An early work on pyrolysis of

wood in a fixed bed reactor [21] reported tar yields of approximately 42% (%w/w db) at 700 °C
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peak temperature. That value was slightly higher than what reported in present study, however a
trend similar to that of present study was reported.

In [22] evidence of thermal cracking of tar was found in pyrolysis of waste biomass for
temperatures above 500 °C.

Previous work on the same set-up but for different feedstocks [14], showed that product yields,
proximate and ultimate analyses, allowed to mark a clear separation between torrefaction and
pyrolysis regimes. The present case shows similar results (Table 1): above 325 °C, FC sharply
increases by some 13% (w/w daf), oil/tar yield sharply increases by some 10% (w/w daf), and H
starts decreasing.

Solids composition shows that FC content remains constant or increases slowly up to 250 °C to then
sharply increase up to 400 °C and then again slowly. The first derivative of FC vs temperature

(DFC) shows in fact that above 400 °C the rate of increase of FC in solids sharply decreases (Figure

2).
80% 0.25%
70% - .
, L 0.20%
~~ ’FC -
S 60% A M . =
© e |
2 . ©DFC © o
s 50% A L 0.15% %
© * ©
S 0% - ! 2
£ , , S
= 'S O ‘ L 0
S a0 | s A , 010% O
o oo . 5
20% - o
L 0.05%
10% -
o
0% . . . . . 0.00%
100 200 300 400 500 600 700

Reaction peak temperature ( °C)

Figure 2. FC and variation of FC vs. reaction peak temperature.
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The rate of release of total volatiles with temperature (DTV) obviously shows a similar behavior

(Figure 3).

80% 0.30%
<
0, 4

0% # Total volatiles . . L 0.25%

so% | °DTV o -
= P L 0.20%
© ) ; jorp)
© s i !

50% P O
§ Vs , F015% v

% / . o

S 40% o B <
s o / ‘ L 0.10% S
S 30% A o S
> / - 0.0s%

20% - e . =

10% - o L 0.00%

.
0% . . . . . -0.05%
100 200 300 400 500 600 700

Reaction peak temperature ( °C)

Figure 3. Total Volatiles and variation of Total Volatiles (DTV) vs reaction peak temperature.

This is no surprise especially in the present set-up, where significant amount of secondary reactions
are allowed to occur. Figure 4 shows somewhat more in detail that as reaction temperature gets
closer to the torrefaction region, volatiles are released and FC in solids slowly increase. After 250
°C, the rate of increase of FC significantly grows to follow a very similar trend to that shown by
TV, this correlation becomes less apparent as the temperature rises above 500 °C. We may read this
evidence by observing that at higher temperatures, as solids start to decompose more severely, there
would not only be increased FC due to volatilization of more reactive products but also due to char

rearrangement and deactivation reactions.



Fuel 183 (2016), 139-144, http://dx.doi.org/10.1016/].fuel.2016.06.044

90%

80% - A
© Total'
70% volatiles A o
. A FC B <
E 60% - A
2 0% - N
S N
> ,
S 40% o
p: o
_&) 30% A a Ak
20% A o
10% A o °
i
0% T T T T T
100 200 300 400 500 600 700
208 Reaction peak temperature ( °C)
209 Figure 4. Fixed Carbon (FC) in comparison with Total VVolatiles vs reaction peak temperature.
210
211  Figure 5 shows this evidence even more clearly. Between 250 and 500 °C peak temperatures, there
212  is a good linear fit between FC on one side and total volatiles-oils/tars yields on the other. This fit
213  ceases to exist (or is drastically reduced) above 500 °C.
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Below 500 °C, FC increases due to loss of volatiles, in fact, for temperatures between 325 — 500 °C,
FC increases at a very similar rate of volatiles release. Above 500 °C, TV increase marginally (from
65.7 to 69.5 %w/w daf) while FC keeps on increasing significantly (from 70.4 to 80.9 % w/w daf).
More FC means less reactive chars, hence, below 500 °C, the loss of reactivity is mainly due to
volatilization of the more reactive portion, while above 500 °C deactivation reactions are more
prominent.

Elemental analysis helps to better investigate the phenomenon. Elements concentrations in solids vs
reaction peak temperature (Figure 6), clearly show that O is released at a steady pace, C is
concentrated at a similar steady pace, whilst H is kept more or less constant up to 325 °C and then it

starts to be released at a higher rate.

100%

90% A oFC ocC XH o0 o
= )
T 80% - .
'g a ,,
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n o | ’
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O
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Reaction peak temperature (°C)

Figure 6. C, O and H in comparison with FC in solids vs. reaction peak temperature.

A similar trend was already reported for olive pulp and olive trimmings in [13], while in [23] the
trend supports deeper more detailed discussion in particular with respect to the evolution of H from
thermal breakdown.

However, by comparing the concentrations of FC and C in solids, we may try to ‘qualify’ the C

which is to be found in solids. The difference between C and FC (C-FC) gives an idea of how
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reactive is the C left on solids as peak reaction temperature is raised. Naturally, the lower the
difference between C and FC, the lower the reactivity of C in solids.

Raw material shows a 54% C (w/w daf) and approximately 27% FC (w/w daf). Thus, if we neglect
other elements present in FC, almost 50% of the C present in raw material is reactive, the other 50
% is more stable and is still found in FC after volatilization in TGA. We may define the initial C

reactivity as:

Praw (C)% = Craw - FCraw (3)

Where C,a and FCqy are respectively the C and FC content of raw material (%w/w daf). Carbon

reactivity at a given temperature may thus be defined as:

Ct—FCt

0% =
pt(C) % Praw(C)%

(4)

Figure 7 shows that p(C) increases (or remains constant) when temperature is increased up to 325
°C and then drastically drops for temperatures above that. Between 150 and 325 °C, about 50% of

the carbon found in solids is reactive. This value is approximately that found for raw material, thus:

P150-325 (C)% =1 (5)

As temperature increases, this value drastically drops to 60% and keeps on decreasing at a steady
pace to approximately 33% at 650 °C.

H shows a somewhat similar trend, in fact it holds onto largely constant values for temperatures up
to 325 °C and then starts decreasing at a steady pace above those temperatures. Figure 8 shows this

correlation.
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266  As long as H concentration holds to values close to 6% (temperatures between 150 and 325 °C),
267  p(C) remains constant and close to 100%, however, as H decreases by 1.5% to a 4.5% of dry ash

268  free mass, C reactivity drops by about 40%.
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This trend continues with the same correlation, until H reaches 2% at 650 °C and C reactivity is
reduced to approximately 1/3 of its original value. This means that a release of 4% in weight of H
causes a drop of approximately 2/3 of initial C reactivity.

H is clearly intimately related to the reactivity of C in chars: as soon as H is released more
significantly, C becomes quickly more and more stable. Although a full explanation of the reaction
mechanism is outside the scope of the present work, there is sufficient evidence to try to describe a
possible route.

By looking at evidence also found for coal, we may speculate that as temperature is raised to values
around 250-325 °C, the lower energy bonds are broken first as oxygenated compounds are released
leaving large radicals behind. These radicals either bond to each other to form heavier compounds
or are quenched by unpaired Hydrogens (H radicals) to form oils/tars as it is observed for coal [11,
12]. Then, as temperature is raised further and unpaired H begin to bond to each other to form H;
(which is then swept away) [23], large radicals have less chances to be quenched by unpaired H and
begin to more significantly bond to each to form larger less reactive compounds. At that stage,
carbon is more aromatized and hence more stable.

Whilst this seems a plausible reaction pathway, we may observe that the correlation shown on
figure 8 also stands for other feedstocks. Data elaborated for chars of citrus and olive waste
obtained in the same reactor [13, 14] show a good linear fit as demonstrated on Figure 9.

In summary, the fact that C becomes more stable as H is released is most probably due to C-C

bonds becoming more aromatic, and this is valid for different types biomasses in the given set up.
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Figure 9. Correlation between reactivity of Carbon and H in solids of different feedstocks.

4. Conclusions

This study investigates the evolution of products and elements in biomass thermal breakdown and
uses a novel approach to calculate the reactivity of carbon contained in pyrolysed grape marc. In
particular, this work attempts at relating C reactivity to the concentration of other elements in
evolving chars, and at investigating how this reactivity evolves as biomass undergoes thermal
breakdown. A comparison between FC and C in solids was used for the definition of a novel C
reactivity index, which showed a significant drop above 325 °C peak temperature. While that
temperature was indicated as a mark of transition from torrefaction to pyrolysis, data showed how
FC evolved in pyrolysed feedstock due to release of volatiles up to 500 °C and then due to
deactivation reactions in solids above that temperature. Furthermore, a significant reduction of C
reactivity was also correlated to the higher release of H occurring above 325 °C peak temperature.
Elaboration of data from previous studies and evidence from earlier works on coal suggest that

Hydrogen plays an important role in the reaction pathways. As temperature is raised, oxygenated
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compounds are released leaving large radicals behind. These radicals may bond to each other to
form heavier compounds on solids or be quenched by unpaired Hydrogen to release oils/tars. Then,
when temperature is raised above 325 °C, H radicals begin to bond to each other to form H, When
this occurs, the larger radicals have less chance to be quenched by unpaired Hydrogen therefore a
higher amount of the less reactive compounds are left within chars.

In a scenario where the development of pyrolysis of agro-waste could significantly foster the
production of renewable energy and products, the present work sheds some additional light in the
complex reactions occurring during biomass thermal breakdown, and this could help overcome the

lack of knowledge, which currently still hinder full deployment of a highly desirable technology.
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