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Abstract
Thermochemical analysis, wet-chemical analysis, and scanning electron microscopy observations were performed on granu-
lated cork samples of Quercus cerris and Beaucarnea recurvata and on Q. cerris and Betula pendula phloems. The results 
show that the combustion behavior depends both on the chemical composition and the morphology of the bark fractions. 
The ignition temperature relies on the chemical composition while the combustion rate depends on the morphology and 
particle size. Ash and suberin contents are positively correlated with ignition and burnout temperatures of cork which vary 
between 255 and 290 °C, and 500 and 600 °C, respectively. Suberin delays the char oxidation reaction in cork. The average 
activation energies of cork and phloem are 31.1 and 21.2 kJ  mol−1 in the first and second stages of combustion respectively.

1 Introduction

Biomass has been increasingly considered for energy pur-
poses due to environmental and economic reasons, namely 
for reducing coal-originated greenhouse as well as  SOx and 
 NOx gas emissions, and to valorize underutilized or waste 
biomass. From a technical point of view, co-combustion of 
biomass and low-rank coals has shown to be beneficial for 
improving combustion efficiency (Baxter 2005; Vamvuka 
and Sfakiotakis 2011; Sahu et al. 2014; Cong et al. 2019), for 
better control of combustion processes, and for reducing the 
ash-related problems of biomass combustion (Biagini et al. 
2002; Haykiri-Acma and Yaman 2008; Wang et al. 2009; Gil 
et al. 2010). Co-combustion of biomass with plastics is also 
considered for a simultaneous reduction of pollution and 
energy recovery (Colapicchioni et al. 2020).

Bark is among the biomass types that may be used as 
feedstock in combustion, carbonization, and gasification, 
although their chemical and fuel-specific properties and 

differences in relation to wood advise a detailed charac-
terization and testing (Fengel and Wegener 1984; Sjostrom 
1993; Rowell 2012). A specific characteristic of bark is the 
presence of cork and some tree species have cork-rich barks 
thereby showing different chemical composition and thermal 
reactivity in relation to the common lignocellulosic materi-
als such as wood, energy crops, and residual bark phloem 
(Leite and Pereira 2017; Şen and Pereira 2021), given the 
chemical and structural differences of cork (Fengel and 
Wegener 1984). With few exceptions, namely the cork from 
Quercus suber which is a valued and widely known indus-
trial raw material (Pereira 2007), most cork-rich bark spe-
cies are currently underutilized and new valorization routes 
are investigated to produce sustainable materials including 
adsorbents, composites, and bio-active extracts, etc. from a 
circular economy perspective (Şen et al. 2010a, 2012b, 2015, 
2016; Lakreb et al. 2018; Şen et al. 2020). The fractionation 
of cork-rich barks is usually targeted to obtain cork fractions 
but creates a significant amount of lignocellulosic phloem 
residues which need to be valorized in view of an overall 
positive economic balance of their utilization in biorefineries 
namely by producing value-added products such as biochars 
(Şen et al. 2016, 2022b). Therefore, thermochemical conver-
sion seems to be a favorable valorization route for such alter-
native cork species because it allows obtaining a number of 
high-value-added functional materials, as for example  bio-
char, bio-oil, chemicals, and fuels (Bridgwater 2003, 2010; 
Brown 2019; Huang et al. 2019). These products have dis-
tinctive technical properties and find applications in various 
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industrial fields including as adsorbents, soil amendment 
materials, solid fuels, electrode materials, and syngas pre-
cursors, among others (Şen et al. 2022a, b).

The aim of this work is to investigate the combustion 
properties of the cork and phloem fractions of cork-rich 
barks in relation to their differences in chemical composi-
tion and morphology by using waste corks obtained from the 
fractionation of the cork-rich barks of Quercus cerris and 
Beaucarnea recurvata and of the residual phloems obtained 
from the fractionation of Q. cerris and Betula pendula barks. 
The current study lays the groundwork for the co-combus-
tion applications of waste cork blends with low-rank coals 
and waste plastics.

2  Materials and methods

2.1  Materials

The following waste bark fractions were used in this study, 
coded as samples A (A1, A2, A3, A3-DS), B, C, and D:

A. Cork mechanically fractionated from Q. cerris bark, as 
described (Şen et al. 2010a) with three different par-
ticle dimensions (A1, A2, and A3 for 420–841 μm, 
250–420 μm, and 177–250 μm, respectively) as well as 
desuberinised Q. cerris cork (A3-DS).

B. Cork (250–420 μm) separated from the stem of Beau-
carnea recurvata, as described (Şen et al. 2018).

C. Phloem (250–420 μm) separated from the stem of Q. 
cerris bark, as described (Miranda et al. 2013).

D. Phloem (250–420 μm) fractionated from Betula pendula 
bark as described (Şen et al. 2010a).

The bark samples were ground with a Retsch 2000 SK 
Hammer Mill and sieved into different particle fractions of 
20–40 mesh (420–841 μm), 40–60 mesh (250–420 μm) and 
60–80 mesh (177–250 μm). The detailed chemical charac-
terization of the pure cork samples of the three species can 
be found elsewhere (Şen et al. 2010a, 2018; Miranda et al. 
2013). The chemical composition of Q. cerris phloem was 
previously reported (Şen et al. 2010a).

2.2  Chemical analysis

The extractives, suberin, and lignin contents of corks were 
determined using previously dried samples. Total extrac-
tive content was determined by successive Soxhlet extrac-
tions according to TAPPI Standards (T204 om-88 and T207 
om-93) with dichloromethane, ethanol, and water during 6 h, 
18 h, and 18 h extractions for each solvent, respectively. 
The suberin content was obtained using methanolysis on the 
extractive-free material (Graça and Pereira 2000). A 1.5 g 

extractive-free sample was refluxed with 100 mL of a 3% 
methanolic solution of  NaOCH3 for 3 h, filtrated, washed 
with methanol, refluxed again with 100 mL methanol for 
15 min, and filtrated once more. The combined filtrates were 
acidified to pH 6 with 2 M  H2SO4 and evaporated to dryness. 
The residues were suspended in 50 mL water and the alco-
holysis products recovered with  CH2Cl2 in three subsequent 
liquid–liquid extractions, with 50 mL  CH2Cl2. The extracts 
were dried over anhydrous  Na2SO4, and the solvent was 
evaporated. Klason and acid-soluble lignin contents were 
determined according to TAPPI T 222 om-88 and TAPPI 
UM 250 Standards on the previously extracted and desuber-
inised materials.  H2SO4 (72%, 3.0 mL) was added to 0.35 g 
of the material, placed in a water bath at 30 °C for 1 h and 
diluted to 4%  H2SO4 and hydrolyzed for 1 h at 120 °C (Slu-
iter et al. 2008). The detailed procedures for wet chemical 
analysis can be found elsewhere (Şen et al. 2010a).

2.3  Thermogravimetric analysis

Perkin Elmer STA 6000 and TA Instruments SDT 2960 
simultaneous DSC-TGA analyzers were used to conduct the 
thermogravimetric analysis (TGA) of the biomass samples 
using alumina pans under air or nitrogen flow rates between 
20 and 50 mL  min−1. A linear 4-step heating program was 
applied to the thermogravimetric analyses: in the first step, 
approximately 5 mg of the samples were kept isothermally at 
30–40 °C for 5–10 min for stabilizing the furnace before the 
non-isothermal runs; a heating step followed until 800 °C 
with a heating rate of 20 °C  min−1; in the third step, the 
samples were kept isothermal for 5–10 min. at 800 °C; in the 
last step, the samples were cooled to room temperature with 
a cooling rate of 50 °C  min−1 (Şen et al. 2022a).

2.4  Morphology

Scanning electron microscopy (SEM) observations were 
performed on cork and phloem samples using a Hitachi 
S2400 electron microscope under an accelerating voltage 
of 20.0 kV.

2.5  Deconvolution of mass loss rate and heat 
evolution

The deconvolution of the mass loss rate and heat flow curves 
of different cork species during combustion was carried out 
by application of Gaussian or Lorentzian multi-peak fitting.

2.6  Proximate analysis

Thermogravimetric analysis between 30 and 800 °C under 
air and nitrogen flow rates of 20 mL  min−1 was performed to 
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calculate the moisture content, ash content, volatile content, 
and fixed carbon content of the cork samples.

2.7  Determination of combustion parameters

The industrial co-combustion processes require the cal-
culation of combustion indices for the biomass fuels, i.e., 
ignition  (Di), comprehensive combustion indices (S), and 
flammability (FI) indices which need the determination of 
ignition temperature  (Ti), burnout temperature  (Tb), and tem-
perature at maximum degradation rate  (Tp) (Vamvuka and 
Sfakiotakis 2011; Lu and Chen 2015; Parascanu et al. 2017; 
Ro et al. 2018).

The ignition index  (Di) was calculated by dividing the 
maximum degradation rate  (DTGmax) by the product of igni-
tion temperature  (Ti) and temperature at which maximum 
degradation occurs  (Tp) (Eq. 1) (Cong et al. 2019).

The comprehensive combustion index (S) was calculated 
by using maximum and average combustion rates  (DTGmax 
and  DTGavg, respectively) as well as burnout temperature 
 (Tb) and the square of ignition temperature  (Ti) (Eq. 2). The 
ignition temperature was calculated using the intersection 
method and the burnout temperature using the conversion 
method at 99% conversion (Lu and Chen 2015).

The flammability index (FI) (Eq. 3) was determined using 
the maximum combustion rate and ignition temperatures as 
follows.

2.8  Determination of activation energy of char 
oxidation

A solid-state reaction is commonly described by the follow-
ing equation based on the assumption that the reaction is 
dependent on conversion (f(α)) and temperature (T):

Here the temperature dependence of the reaction is 
explained by the Arrhenius equation where A  (s−1) is the 
pre-exponential factor,  Ea is the activation energy (kJ  mol−1), 
and R is the universal gas constant (8.314462 J  mol−1  K−1).

The conversion is defined as:

(1)Di =
DTGmax

Ti × Tp

(2)S =
DTGmax × DTGavg

Ti2 × Tb

(3)FI =
DTGmax

Ti2

(4)
d�

dt
= A × e

−
Ea

RT × f (�)

where  mi is the initial weight,  mt is the weight at time t, and 
 mf is the final weight.

Under linear heating conditions, Eq. 4 can be written as 
follows by introducing the heating rate (β = dT/dt).

The integral form of this equation (Eq. 6) is written as:

Since this integral has no exact solution, a numerical 
method is required to calculate an approximate solution. 
Among the numerical methods, the Coats-Redfern method 
uses a Taylor series expansion and is widely used for solid-
state kinetic analysis of different materials (Ding et  al. 
2022). Reaction order, contracting volume/area, diffusion, 
and reaction models are commonly used for the solid-state 
reaction model f(α). In the present study, the Coats-Redfern 
method with the first-order kinetic model is selected after 
comparing the correlation coefficients of different reaction 
models (Ding et al. 2022).

3  Results and discussion

3.1  The effect of particle size and chemical 
composition on combustion behavior of cork

Particle size is an important parameter in combustion as it 
affects the thermal decomposition rate due to heat transfer 
limitations within the biomass particles. This effect is clear 
in cork with different particle sizes (Fig. 1) because mass-
loss curves shift to lower temperatures as the particle size 
decreases from 420 μm (A1–A2), indicating an increased 
combustion efficiency.

Figure 1 also shows that the combustion behavior of the 
cork samples differs between species. Q. cerris cork (A-sam-
ples) degrades at higher temperature than B. recurvata cork 
(B sample).

The different thermal degradation patterns may be linked 
with differences in the chemical composition and morphol-
ogy of both cork species (Şen et al. 2016; Leite and Pereira 
2017).

Chemical differences include inorganic (ash), extractive, 
polysaccharide, suberin, and lignin contents (Pereira 1988).

Ash content shows a decreasing pattern with particle size 
reduction in Q. cerris cork (Sen et al. 2020) and the lower 

(5)� =
mi − mt

mi − mf

(6)
d�

dT
=

A

�
× e

−
Ea

RT × f (�)

(7)g(�) =

�

∫
0

d(�)

f (�)
=

A

�

T

∫
T0

e−Ea∕RT × dT
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ash content in the fine fraction of corks is confirmed by the 
final weight shown in Fig. 1. The particle-size dependence of 
chemical composition is related to the cellular heterogeneity 
of bark tissues which have distinct mechanical properties 
leading to different scission effects during grinding. As a 
result, certain tissues reduce to fines while others resist lead-
ing to different chemical compositions in different fractions. 
Ash contents linked with these tissues also show variation.

Low molecular-weight extractive compounds possibly 
contribute to the volatile content and thus to the reactivity 
of cork. When the volatile content of the solid fuel increases, 
the fuel reactivity usually increases by decreasing ignition 
and/or burnout temperatures and increasing combustion rate 
(Zhang et al. 2006; Chao et al. 2016). B. recurvata cork 
(B) contains higher extractive contents followed by the fine 
(60–80 mesh) fraction of Q. cerris cork (A3) (18% and 14%, 
respectively) (Fig. 2). Interestingly, these corks are more 
reactive in combustion as determined by the following com-
bustion parameters analysis.

The proximate analysis demonstrated that the Q. cerris 
and B. recurvata corks have quite similar volatile contents 
(approximately 80–84%) (Fig. 3). This proximate composi-
tion is also similar to that of Q. suber cork (Atanes et al. 
2012). For practical co-combustion applications, one may 
conclude that since the volatile contents in all the studied 
corks are higher than 35%, they may be used in the co-com-
bustion of low-rank coals (Biagini et al. 2002). Possibly 
hemicelluloses and cellulose, as well as a small fraction of 
lignin which decomposes at lower temperatures, contribute 
to the volatile content of cork (Şen et al. 2012a, 2014).

Suberin and lignin are considered heat-resistant compo-
nents of cork contrary to thermally favorable polysaccha-
rides (Şen et al. 2014). Lignin has previously been shown to 
undergo complete combustion at higher temperatures than 
xylan and cellulose (Dorez et al. 2014). Lignin content is 
higher in B. recurvata cork (29.2%) while suberin content 
is higher in the fine Q. cerris cork (31.5%), decreasing for 
bigger particle sizes (Fig. 2). This result suggests that dif-
ferences in chemical composition between the corks are not 
sufficient to explain the different combustion behaviors of 
the corks.

The cork samples undergo combustion reactions in two 
stages (devolatilization and char oxidation stages, respec-
tively) at lower and higher temperatures between 200–350 
and 350–750 °C, respectively, independent of particle size 
differences (Fig. 4). This behavior is common for different 
lignocellulosic biomass, although, for forest residues, the 
second stage usually ends at lower temperatures, for example 
600 °C (Vamvuka and Sfakiotakis 2011).

The trimodal degradation pattern of Q. cerris cork at 
the higher temperature stage was also interesting. Q. cerris 
cork shows three major combustion peaks (excluding the 
water evaporation peak) at temperatures of 350–375 °C, 
490–530 °C, and 700–720 °C. The additional third peak at 

Fig. 1  Effect of particle size and cork species on mass loss patterns 
of Quercus cerris (A1, A2, A3 and A3-DS) and Beaucarnea recur-
vata (B) corks during combustion. Particle size: A1: 20–40 mesh, A2: 
40–60 mesh, A3: 60–80 mesh, B: 40–60 mesh. DS: desuberinised

Fig. 2  Chemical composition of the organic fraction (extractives, 
polysaccharides, suberin, and lignin) of the corks from Beaucarnea 
recurvata (B) and Quercus cerris (A1, A2 and A3)

Fig. 3  Proximate analysis of Quercus cerris (A1, A2, A3) and Beau-
carnea recurvata (B) corks. VM volatile matter, FC fixed carbon, Ash 
inorganic matter)
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a high temperature implies that the char of Q. cerris cork 
has a heterogeneous structure with a different reactivity at 
moderate and high temperatures.

The combustion patterns may also be evaluated by the 
combustion reactions of polysaccharides and lignin, and 
of the remaining lignin and char, respectively (Vamvuka 
and Sfakiotakis 2011). According to a previous study 
(Wang et  al. 2020), lignin content plays a role in the 
ignition mechanism, while cellulose content is likely to 
determine the ignition temperature of biomass. In agree-
ment with Wang et al. (2020), the cellulose content was 
shown to favor the pyrolysis rate (Gani and Naruse 2007). 

Interestingly, the ignition of hemicelluloses was found to 
be similar to that of cellulose (Wang et al. 2020).

The shapes of DTG curves (Fig.  4) allow important 
insights into the chemical composition of the different 
granulometric fractions i.e., the presence or absence of a 
particular peak may be linked with a chemical component, 
which is in agreement with our previous results (Şen et al. 
2020). In order to better analyze the DTG curves, peak 
deconvolutions were performed considering pseudocom-
ponent (PS) peak distributions (Fig. 5). The presence of a 
shoulder approximately at 300 °C and the irregular shape 
of the second stage peak at 580 °C in bigger cork particles 
(A1-Peak2 and Peak5) are assigned to hemicelluloses which 
possibly have a lower content in the smaller fraction (A3-no 
distinct peak).

The devolatilization starts at 150 °C and reaches its maxi-
mum value around 380 °C while char oxidation starts at 
approximately 380 °C. The overall thermal degradation of 
cork can be modeled as multiple parallel reactions. These 
reactions possibly correspond to the elimination of moisture, 
degradation of hemicelluloses, degradation of cellulose, 
and char oxidation reactions in three stages. A significant 
part of the suberin and a small fraction of lignin possibly 
degrade during devolatilization. Interestingly, when the cork 
is desuberinised, char oxidation starts at lower temperatures 
(380 °C vs 340 °C) showing the heat-protective properties 
of suberin (Fig. 5) (Şen et al. 2014).

An interesting result is the second reaction rate at approx-
imately 710 °C (Fig. 5). It is higher in cork with less suberin 

Fig. 4  Effect of particle size on the combustion rate of Quercus cer-
ris cork. Particle size: A1: 20–40 mesh, A2: 40–60 mesh, A3: 60–80 
mesh

Fig. 5  Deconvolution of the combustion rate peak for Quercus cerris cork: a A1: 20–40 mesh, b A3: 60–80 mesh; c A3-DS: 60–80 mesh and 
desuberinised). PS pseudocomponents
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content (A1) and desuberinised cork (A3-DS) compared 
with high suberin-containing cork (A3). This result suggests 
that the second reaction is possibly lignin-related with lignin 
being the main component responsible for heat resistance at 
higher temperatures while suberin provides heat resistance 
at lower temperatures.

The analyzed corks were obtained from cork-rich barks 
by grinding them followed by the size and density separation 
of the cork and phloem fractions (Şen et al. 2016). There-
fore, the cork fractions still contain phloem impurities that 
will impact their thermal behavior, given the chemical dif-
ferences between cork and phloem (Şen et al. 2010a). Con-
sequently, the characterization of the combustion behavior 
of phloem helps in understanding the combustion character-
istics of corks as shown in the following section along with 
the results of cork.

3.2  Combustion characteristics of cork and phloem

The combustion characteristics of cork and phloem sam-
ples were compared by determination of specific combus-
tion temperatures and calculation of combustion indices 
and activation energy in char oxidation. The specific com-
bustion temperatures of the different cork and phloem 
samples are shown in Table 1. The ignition temperatures 
vary between 255 and 290 °C for cork samples. These 
temperatures are similar to the values reported for cork 
(Blázquez et al. 2019) but higher than those obtained for 
agricultural and forestry wastes, although a note of cau-
tion is due here because particle size affects the ignition 
temperature (Vamvuka and Sfakiotakis 2011). On the 
other hand, the ignition temperatures of low-rank coals 
are reported to vary between 273 and 412 °C (Vamvuka 
and Sfakiotakis 2011; Cong et al. 2019). These results 
indicate that corks have ignition temperatures in the lower 
range of low-rank coals. Q. cerris corks show the highest 

ignition temperatures which did not significantly change 
between different particle sizes while B. recurvata cork 
has the lowest ignition temperature. On the other hand, 
phloem samples of Betula pendula and Q. cerris showed 
slightly lower ignition temperatures than cork (Table 1). 
These differences in ignition temperature possibly arise 
from their difference in chemical composition, particu-
larly due to their polysaccharide contents (Şen and Pereira 
2021) which is in agreement with Wang et al. (2020). A 
peculiar result was the reduction of the ignition tempera-
ture in desuberinised cork (290 °C vs 260 °C) which fur-
ther shows the role of suberin in combustion. The overall 
results suggest that the ignition temperature of cork pos-
sibly depends on the competing favorable and unfavorable 
effects of polysaccharides and suberin.

The burnout temperatures of the different corks vary 
between 500 and 600 °C, which is in agreement with values 
obtained for cork and other biomass types (Vamvuka and 
Sfakiotakis 2011; Blázquez et al. 2019). Interestingly desu-
berinisation increased the burnout temperature to a consid-
erable extent (approximately 200 °C). The char oxidation 
reaction (Fig. 5) and the possible involvement of lignin in 
desuberinised cork are likely to promote a slowing of the 
char oxidation at lower temperatures. This result has a par-
ticular significance for the usage of this material for high-
temperature insulation.

The burnout temperatures of cork samples are lower than 
low-rank coal except for desuberinised cork (Vamvuka and 
Sfakiotakis 2011), and among the cork species B. recurvata 
cork has the lowest burnout temperature. The burnout tem-
perature of Q. cerris cork decreases at particles smaller than 
420 μm particle size.

Another interesting result was the higher thermal resist-
ance of phloem than cork at higher temperatures as may 
be verified by the highest burnout temperatures of B. pen-
dula and Q. cerris phloems (Table 1). This result suggests 

Table 1  Combustion properties of cork and phloem

Ti ignition temperature, Tb burnout temperature, Tm maximum degradation temperature, DTGmax maximumcombustion rate, Dm ignition index, S 
comprehensive combustion index, FI flammability index, Ea activation energy

Biomass Ti (°C) Tb (°C) Tm (°C) DTGmax (% 
 min−1)

Di (×  10–5) S (×  10–7) FI (×  10–5) Ea-first 
stage (kJ 
 mol−1)

A1 285 600 374 9.95 9.33 5.48 12.26 26.01
A2 290 550 350 15.86 15.63 10.60 18.86 27.83
A3 290 550 364 11.39 10.77 6.33 13.54 32.71
A3-DS 260 756 305 11.14 14.10 4.36 16.6 27.48
B 255 500 424 26.30 24.30 39.51 40.50 48.51
C 260 743 700 3.42 1.84 0.28 4.87 24.46
D 265 585 368 11.46 11.80 9.53 16.30 27.36
Low-rank coals [1, 

2, 49, 50]
273–412 739 – – – – – 88–90
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that phloem residues obtained from cork processing are 
not likely to improve the co-combustion performance of 
low-rank coals but they could be used as low-temperature 
thermal insulation coatings in construction, a similar use 
to that was proposed for high-ash containing rice husks 
(Gonçalves and Bergmann 2007; Muthuraj et al. 2019).

The combustion indices show that B. recurvata cork 
is more reactive than Q. cerris cork with its significantly 
higher ignition, comprehensive combustion, and flamma-
bility indices. This result suggests that B. recurvata cork 
has a higher potential for co-combustion applications than 
Q. cerris cork. Although a possible interference of noise 
in the DTG signal cannot be ruled out in these calculations 
which may affect the results of combustion indices, these 
results allow a comparison of the combustion behavior of 
different corks.

Another interesting parameter in combustion is time 
analysis, i.e., analysis of ignition  (ti) and maximum deg-
radation  (tm) times. Interestingly corks attain ignition and 
maximum degradation times between 13 and 20 min, while 
Q. cerris phloem ignites earlier than cork but its maximum 
degradation occurs belatedly (Fig. 6) possibly because of 
the effect of chemical composition, i.e., its higher lignin 
and ash contents (Şen et al. 2010b). This result has practi-
cal implications in the preparation of coating materials for 
thermal insulation.

The variation of combustion indices between the differ-
ent corks and particle sizes suggests that the anatomical 
structure of the cork is likely to play an important role in 
oxygen transport and therefore in the combustion proper-
ties of corks.

For the comparison of the differences in the anatomical 
structure of cork and phloem, the extensive work made on 
the structural aspects of cork from Q. suber (Pereira 2007) 
may be taken as a reference where cork cells are modeled 
as regular hexagonal prisms and the volume of cork cells is 

approximated by a simple formula based on cell biometric 
measurements in the following equation (Eq. 8):

where a is the base edge and h is prism height (Pereira 
2007).

The volumes of cork cells calculated by this method show 
that B. recurvata cork cells are 35 times greater than those 
of Q. suber cork cells and 48 times greater than those of Q. 
cerris cork cells (Şen et al. 2011, 2018). Thus, B. recur-
vata cork being composed of larger cells (Şen et al. 2018) 
possibly favor oxygen transport and facilitate combustion. 
This result is in accordance with a previous study (Gani and 
Naruse 2007) suggesting that the morphology of biomass, 
in particular, of the char, is closely related to the combustion 
reactivity of the biomass. The surface morphology of the 
cork and phloem samples is shown in Fig. 7. The clear dif-
ference between the cork and phloem is apparent with cork 
samples (A2 and B) shown as cellular prisms while phloem 
(C and D) samples are shown as more compact materials. 
The structure of the phloem is likely to delay the gas trans-
port during the devolatilization and char oxidation stages 
and thus decreases the combustion rate.

The activation energy of cork and phloem in combustion 
ranged between 24.5 and 48.5 kJ  mol−1 (Table 1). The aver-
age activation energies in the two combustion stages were 
31.1 and 21.2 kJ  mol−1 (Table 2) which were approximately 
one-third of the low-rank coals (Taş and Yürüm 2012; 
Engin and Atakül 2018). The desuberinisation decreased 
the activation energy in the first stage. Phloem samples 
showed in general lower activation energies than cork sam-
ples (Tables 1, 2). The low activation energies of cork and 
phloem samples are different than wood activation energy 
values which have shown to be higher than that of coals (Taş 
and Yürüm 2012). This result has an important implication 
in co-combustion that blending of cork or phloem with low-
rank coals is likely to decrease the overall activation energy 
favoring the co-combustion (Guo and Zhong 2018). Differ-
ent cork/phloem and low-rank coal blending ratios should be 
tested for this task, which is beyond the scope of this study.

The heat release profiles also provide important insights 
into the combustion of cork and phloem (Fig. 8). The DSC 
peaks almost overlapped the DTG peaks confirming the 
two-stage (devolatilization and char oxidation) reactions 
in cork. Interestingly, Q. cerris and B. recurvata corks had 
similar exothermic heat release patterns with two exother-
mic peaks at temperatures of approximately 370 °C and 
470 °C, although they have different chemical composi-
tions which further suggests the dependence of combustion 
behavior of cork both on chemical composition and biomass 
morphology.

(8)Vp =
3

√

3

2
× a2 × h

Fig. 6  Comparison of ignition  (ti) and maximum degradation  (tm) 
times of different species. A1–A3: Quercus cerris cork, B: Beau-
carnea recurvata cork, C: Quercus cerris phloem, D: Betula pendula 
phloem
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A striking difference in heat release profiles between the 
Q. cerris (A2) and B. recurvata (B) corks was the contribu-
tion of the exothermic peaks as evaluated by the area ratios 
of the deconvoluted exothermic peaks (Fig. 9). The first peak 
contributes approximately 62% of exothermic heat release 
in Q. cerris cork while in B. recurvata cork, the first peak 
contributes approximately 88% of exothermic heat release. 
This result implies that both the chemical composition and 
morphology affect the combustion reactions in cork with the 
chemical composition being particularly significant in the 
devolatilization process while the morphology or individual 
cell dimensions play an important role both in devolatilization 
and in char oxidation.

In addition to biomass morphology, the cork particle size 
also influences the heat release due to heat transfer. As the 
particle size decreases, the heat release curves shift to lower 
temperature, and the amount of heat release increases. In a 
previous study with Q. cerris cork using the heating rate of 5 
°C  min−1, the peak temperatures in the first and second reac-
tion zones were approximately 40 °C lower (Şen et al. 2014). 
Thus, increasing the heating rate shifts the peak temperatures 
to higher temperatures.

Fig. 7  Morphological differences between Quercus cerris and Beaucarnea recurvata corks (A2, B) and Quercus cerris and Betula pendula phlo-
ems (C, D)

Table 2  Variation of activation energy  Ea  during combustion stages 
in different cork and phloem fractions

Biomass Temperature range 
(°C)

Ea (kJ  mol−1) R2

A1 200–320 26.01 93.01
380–520 11.85 95.50

A2 200–320 27.83 92.30
380–520 23.57 90.62

A3 200–320 32.71 96.31
380–520 22.28 95.82

A3-DS 200–320 27.48 92.48
380–520 24.37 93.70

B 200–320 48.51 98.06
380–520 47.27 85.03

C 200–320 24.46 86.15
380–520 9.25 83.18

D 200–320 27.36 88.07
380–520 12.81 95.99

Average 200–320 31.14 –
380–520 21.17 –
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3.3  Correlations between combustion 
temperatures, activation energy, and biomass 
composition

The evaluation of the specific combustion temperatures, 
activation energy, and biomass composition gives insights 
into how these parameters relate to each other (Fig. 10). 
The ignition temperature  (Ti) has a strong correlation with 
suberin content (Pearson correlation coefficients of 0.90). 
On the other hand, the ignition temperature has strong 
negative correlations with extractive content and activa-
tion energy in the first stage (Pearson correlation coef-
ficients of − 0.87 and − 0.92, respectively) (Fig. 10a). 
The burnout temperature  (Tb) has a very high correlation 
with ash content (Pearson correlation coefficient of 0.99) 
and strong negative correlations with activation energy 
and extractive content (Pearson correlation coefficients of 
− 0.90 and − 0.85, respectively) (Fig. 10b). The maxi-
mum degradation temperature  (Tm) has strong correlations 
with the activation energy, extractive, and lignin contents 
(Pearson correlation coefficients of 0.90, 0.88, and 0.86, 

respectively) (Fig. 10c). The maximum degradation rate 
 (DTGmax) has strong correlations with the volatile matter, 
activation energy, and extractive contents (Pearson cor-
relation coefficients of 0.91, 0.90, and 0.80, respectively). 
The maximum degradation rate has a strong negative cor-
relation with ash content (Pearson correlation coefficient 
of − 0.86) (Fig. 10d). These figures suggest that ash and 
suberin have a negative effect on the combustion proper-
ties of cork and the ash and suberin contents may be used 
to estimate the combustion behavior of different corks.

Another interesting correlation is the relationship 
between the activation energy and the composition of 
the corks (Fig. 10e). Surprisingly, the activation energy 
showed a strong correlation with the extractive content of 
cork (Pearson correlation coefficient of 0.98) and a strong 
negative correlation (Pearson correlation coefficient of 
− 0.92) with the ash content of cork. This result suggests 
that different cork species may be screened for extractive 
and ash contents to estimate the activation energy of cork 
in combustion.

Fig. 8  Heat flow patterns during combustion of corks of Quercus cerris (A2, on the left) and Beaucarnea recurvata (B, on the right)

Fig. 9  Deconvolution of heat release curves of Quercus cerris (A2, on the left) and B. recurvata (B, on the right) corks
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4  Conclusion

Comparative combustion characteristics of Q. cerris and 
Beaucarnea recurvata corks and Q. cerris and Betula pen-
dula phloem were investigated for the first time. The fol-
lowing conclusions can be drawn from the study:

1. Combustion of cork occurs in two main stages: devola-
tilization and char oxidation. The char oxidation stage 
occurs in different sub-stages in different corks depend-
ing on their chemical composition and morphology.

2. The polysaccharide content is likely to affect the ignition 
temperature and char oxidation reaction while morphol-
ogy and particle size affect the combustion rate.

3. Suberin delays the char oxidation reaction in cork.
4. Suberin and ash negatively affect the combustion param-

eters of cork while volatiles and extractives favor them.
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