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ARTICLE INFO ABSTRACT

Keywords: The kinetic parameters of thermal degradation of 3D skeletal biopolymer spongin - isolated from the marine

Non'is?thermal kinetics demosponge Hippospongia communis, using thermogravimetric analysis (TG) were evaluated. The kinetic pa-

lS)ponlglr? rameters of the pyrolysis in a nitrogen atmosphere were calculated using standard methods, including a model-
'yrolysis

fitting approach (Coats-Redfern method) and the model-free iso-conversional Friedman, Kissin-
ger—Akahira-Sunose (KAS) and Ozawa-Flynn-Wall (OFW) methods. Based on the kinetic parameters obtained
from the respective equations, the changes of entropy (4S), enthalpy (AH), and free Gibbs energy (AG) were
evaluated using the theory of the active complex of the reagent. It was found that the chemical reaction model
best describes the experimental data. The activation energies calculated by the Coats—Redfern method were in
the range 39.3-48.7 kJ/mol. The calculated values of kinetics parameters are slightly lower than for the com-
mercial polyurethane foams. Nevertheless, this study provides a comprehensive insight into the pathway,
mechanism, and outcomes of pyrolysis of spongin-based scaffolds with the relation to the physicochemical
characteristics of finally obtained carbon materials. Moreover, a critical discussion of the obtained results is

Thermogravimetric analysis

given, with regard to the physical meaning of the applied approximations.

1. Introduction

The number of literature reports on carbon materials derived from
biomass is constantly increasing. Most biopolymers (lignin [1,2],
collagen [1,3,4], silk [5], cellulose [6], starch [6], chitin [6], keratin [7,
8]) as well as spongin [9,10] can be successfully used as precursors of
carbon materials. Scientific efforts are currently directed towards the
fabrication of fibrous-like carbon materials with ordered
micro-structures, especially on a large scale [11,12] to produce the
electrodes for supercapacitors, and catalysts support or carbocatalysts
themselves. The high cost of obtaining carbon fibre materials is a
limiting factor in their development, but also provides the main moti-
vation to seek new and renewable structured precursors. Among the
above-mentioned materials, spongin — a skeletal biopolymer of marine
sponge origin — deserves special attention. Spongin, which belongs to the
“collagen suprafamily” [9], is established as the main skeletal protein for
constructing 3D skeletal formations exclusively in the Demospongiae
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class of sponges; it is not found in any other organism in the animal
kingdom [13]. The gross morphology and dimensions (up to 70 cm in
diameter) of proteinaceous, spongin-based 3D skeletons have been
known since ancient times in the form of commercial sponges [14].
Despite an annual market volume of more than US$20 million, and
extensive large-scale marine farming of these sponges worldwide, ap-
plications of sponges have been largely restricted to cosmetic uses [9].

It has recently been shown [9] that purified, mineral-free spongin
can be converted to carbon at high temperatures without loss of its form
or structural integrity, and that its specific surface area is increased due
to the appearance of nanopores, favouring its further functionalization
as a potential catalyst. Intriguingly, in contrast to the fragile carbonized
scaffolds obtained from natural biomaterials by other groups (see Pet-
renko et al.), carbonized spongin remains stable enough to be sawn into
slices up to 2 mm thick using a metallic saw with blade thicknesses of 1
mm. Nevertheless, spongin’s principal advantage in comparison with
other foam-based materials [15-17] is related to the particular
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hierarchical complex structure with nanofibres and triple helices of
collagenous origin, which is preserved even after pyrolysis at tempera-
tures as high as 1200 °C. Moreover, the chemical resistance of acid and
enzymatic treatment and presence in its structure diverse heteroatoms
might increase the diversity of surface functional groups and improve
thermal stability. Likewise, their presence in the resulting carbon ma-
terial structure can modify chemical reactivity and electrical conduc-
tivity, which is extremely important in designing new catalysts or
electrode materials. However, the knowledge of thermal degradation
kinetics is crucial to provide additional insight into the determination of
optimal carbonization conditions.

Many recent papers describe the evaluation of the kinetic parameters
of biopolymer pyrolysis using thermogravimetric analysis. Istrate et al.
[18] evaluated the pyrolysis kinetics of hard a-keratin using the Fried-
man method and DSC measurements. The results indicate that activation
energy decreases with an increase in the degree of conversion. These
findings point to endothermic and irreversible reactions during pyroly-
sis. The calculated activation energy decreases from 135 kJ/mol for a =
0.3-93 kJ/mol for a = 0.9. The authors clearly show that complex
mechanisms are involved in the thermal degradation of a-keratin, and
the pyrolysis occurs after damage to the keratin scaffolds. An investi-
gation of the thermal degradation of collagen isolated from a mammal
lens and rat tail was carried out by Miles et al. [19,20]. To evaluate the
kinetic triplet the authors used calorimetric measurements, and the
calculations were based on the Arrhenius equation. It was found that the
origin of collagen influences the value of the activation energy. In the
case of collagen from the mammal lens [19] the determined activation
energy was 858 kJ/mol, but for the collagen from rat tails [20] the
activation energy depended on the solvent used during calorimetric
analysis: it was 521 kJ/mol for water and 1309 kJ/mol for acetic acid.
The authors also indicate that the change of entropy for both tested
origins of collagen has a positive value. These results are related to the
cracking of a-chains and hydrogen bonds, which causes an increase in
disorder during thermal treatment.

To the best of the authors’ knowledge, the kinetics of the pyrolysis of
spongin scaffolds isolated from demosponges have not been given great
attention by researchers to date, and this fact motivated the present
study. Therefore, the first part of the work aims to investigate experi-
mentally the kinetics of thermal degradation of 3D spongin-based skel-
etal scaffolds of the Hippospongia communis marine sponge under
different temperature programmes, using thermogravimetric analysis
(TG). The kinetic parameters — activation energy E,, pre-exponential
factor A, and analytical form of reaction model function, f(a) or g(a) —
were calculated using the Coats-Redfern method and by a model-free
approach, including the KAS, OFW and Friedman methods. The evalu-
ation of kinetic parameters is important from the process design point of
view, to obtain a product with explicitly defined properties. Addition-
ally, the information obtained from kinetic investigations is useful in
determining the optimal conditions of pyrolysis: time of annealing,
maximum temperature, and heating regime.

The studies about the kinetics of thermal degradation are funda-
mental from the designing point of view. Knowing the value of activa-
tion energy might be useful in determining and selecting of biomass
precursor to the carbonization process. Moreover, combining this
knowledge with the evaluation of received carbons’ physicochemical
properties will result in a comprehensive study regarding the pathway,
mechanism, and outcomes of pyrolysis of particular biomass precursor.
Consequently, the choice of proper material to prepare 3D, microporous,
naturally structured bio-carbon for catalytic purposes could be justified.
Presented results might be used as a reference point for the pyrolysis of
various protein-based biopolymers.
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2. Experimental part
2.1. Preparation of spongin

Marine demosponges of the species Hippospongia communis
(Lamarck, 1814) were collected by scuba divers in the coastal waters of
Tunisia in 2016, and were initially purified with distilled water to
remove tissues and cells. The sponge skeletons prepared in this way, in
the form of 3D scaffolds, were further sonicated for 5 h at 24 °C by ex-
perts from INTIB GmbH (Freiberg, Germany). In our laboratory, the
obtained dry material was entirely immersed in 3 M HCl solution for 72
h at room temperature to remove residual calcium carbonates. Then the
material was rinsed with distilled water until the pH of the solution
reached 6.5, and was finally dried for 24 h at 50 °C in an oven (UF75
Memmert, Germany).

2.2. Thermogravimetric analysis

Thermogravimetric analysis (TG/DTG) (TG 209 Netzsch GmbH,
Germany) was conducted to determine the degradation mechanisms and
reaction kinetics. Measurements were carried out under flowing nitro-
gen (10 em®/min) at heating rates of 2.5, 5, 10, and 20 °C/min over a
temperature range of 25-1100 °C, with an initial sample weight of
approximately 7 mg.

The volatile products released during heat treatment were identified
with a mass spectrometer (QMS 403 A€olos) coupled on-line to the TG/
DTG instrument (STA 449 F1 Jupiter apparatus from Netzsch GmbH,
Germany). The QMS was operated with an electron impact ionizer with
an energy of 70 eV. The mass/charge (m/z) ratio was recorded in the
range 2-100 AMU during the measurements. The TG/QMS analysis was
performed under a continuous helium flow with initial sample mas
equalled 20 mg. Obtained results were compared with the standard mass
spectra of pure compounds found in the NIST database.

2.3. Characterization of the porosity of received carbon materials

To characterize the parameters of the porous structure of the bio-
materials, surface area, total volume and an average size of pores were
determined using an ASAP 2020 instrument (Micromeritics Instrument
Co., USA). All samples were degassed at 120 °C for 24 h in a vacuum
chamber before measurement. The surface area was determined by the
multipoint BET (Brunauer-Emmett-Teller) method using adsorption
data under relative pressure (p/po)-

2.4. Kinetic study — theoretical background

The thermal degradation of spongin-based scaffolds as prepared was
analysed using various methods. Data obtained from TG and DTG were
used to determine the kinetic triplet: activation energy (E), pre-
exponential factor (A), and reaction model f(a) [21-25]. The kinetic
expression describing the temperature dependence of the rate constant
can be written as follows:

d(mq —my)

r=—— = k(T)f (me —m), @

k(T)=Aexp (%?) , (2

where t denotes time (min), a is the degree of conversion, f(m,-my) is the
kinetic part of the equation related to the mass of reactant taking part in
the reaction, m, and my are the masses of the sample measured for a



S. Zéttowska et al.

Polymer Testing 97 (2021) 107148

1-a)3/[1-(1-a3

Table 1
Kinetic models used in solid-state reactions [27].
Model fla) g(a)

Chemical reaction
1 N-power law o 1 [ 1 -~ 1]

v ond : "l —ar
2 N™ order 1-a) linlfn‘n#l
Nucleation
3 Avrami-Erofeyev A2 2(1 — a)[-In(1 — a)]"/? [“In(1 — a)]1/2
4 Avrami-Erofeyev A3 3(1 — a)[-In(1 —a))?? [~In(1 — a)]1/3
5 Avrami-Erofeyev A4 4(1 — a)[-In(1 — a)]** [~In(1 - a)]1/4
Limiting surface reaction between both phases
7 One dimension 1 a
8 Two dimensions 2(1—a)'/? 1-(1-a)'?
9 Three dimensions 3(1-a)?? 1-(1-a)'®
Diffusion
10 One-way transport 1/2a a?
11 Two-way transport 1 a+ (1 —a)n(l — a)

1
1-a
12 Three-way transport 9 2 1 9 14 2
B oh oo
13 Ginstling-Brounstein equation 1 1 9 253 3 ]
= = Zl-qa- —Z2a+1
(5)a-w3/i-a-w3 2| -a-0® e
14 Zhuravlev equation 5 1 } 2
-1

specified o and in the final stage respectively, k(T) is the kinetic rate
constant, A (min’l) is the pre-exponential factor, E4 (kJ/mol) is the
activation energy, T is the absolute temperature, and R is the universal
gas constant (8.314 J/mol-K).

The constant heating rate () may be defined as (3):

p= % = constant 3)
dt= d?T @

On substituting k(T) from equation (2) and dt from expression (4)
into equation (1), and with some transformation, equation (1) can be

written as:
—E,
RT

T
/ A exp
To

To calculate the kinetic triplet it is essential to establish the con-
version fraction, which is determined as the ratio of the current mass
change to the total mass change (6):

a
da

/ fa)

ar

5 g(a).

)

m; —mgy
— (6)

m;
where m;, my and m, are the initial, final, and current mass of the sample
respectively.

2.4.1. Proposed approaches for calculations of the kinetic triplet

2.4.1.1. The model-fitting approach. Equation (5) may be solved using
the approximation given by Coats and Redfern [26]. The obtained
expression (7) is most frequently used to evaluate non-isothermal data
and to calculate kinetic parameters:

o(7) (e ) (%)

Since 2RT/E4 < < 1 the expression (7) may be simplified (8):

Ey

" RT @

Ey

RT ®

g(a) AR
o(52) (i)

The equations of the functions f(a@) and g(a) depend on the pyrolysis
mechanism and its mathematical model. The function g(a) usually
represents the limiting stage of the reaction: chemical reaction, phase
boundary reaction, random nucleation and nuclei growth, or diffusion.
The application of the appropriate g(a) to the plot of In[g(a)/T?] versus
1/T gives a straight line from which the values of E4 and A can be
calculated. Table 1 shows the standard kinetic models and their alge-
braic expressions [22,27].

To check the correctness of the formulae presented in Table 1, the
authors first determined the course of the function T = f(a) using a
numerical method based on the equations given below (Table 1). It
should be noted that the formulae in Table 1 have been modified by the
authors to correspond to the relationship (9). The exact transformations
can be found in the Supplementary Material:

)]

The kinetic parameters were calculated by the application of the
appropriate g(a) to the plot of Inf[g(a)/ T2] versus 1/T, from which the
values of E4 and A can be calculated.

2.4.1.2. The iso-conversional approach. The Ozawa-Flynn-Wall method
is based on Doyle’s approximation of the temperature integral [21,28,
29], which is (10):

2.315 4 0.457x, (10)

px)

where x means E, /RT*
This approximation is inserted into equation (4), and after some
rearrangement the final equation is obtained (11):

In(f)=In (A IfA

E,
—2.1 — 0457 — 11
) 35 0457 1 an

The straight parallel line for the degree of conversion in the range
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Fig. 1. TG (A) and DTG (B) curves for spongin-based scaffold, measured in the temperature range 25-1100 °C in a nitrogen atmosphere at different heating rates.

0-1 can be obtained by plotting In(8)vs. # at different heating rates and
for each conversion, and then the E4 parameter can be calculated from
the slope 0.457 %,

The Kissinger—Akahira-Sunose (KAS) method is a model-free method
based on the approximation p(x) = x 2¢™* [21]. The resulting equation
is given below:

ln(T(/:;) )=1n <E—A+ln[n(1 —a)"*‘}) —%?a), 12)

while the T(a) is the temperature measured for specified . Then in the

plot of In (T( 7 )vs Tia) the slope — gives the activation energy.

The Friedman method [30], also called the differential
iso-conversional method, is based on equation (1) in the logarithmic
form (13):

da —EA
A — 1
=) - () a3
The activation energy E4 for the specified value of the degree of
conversion can be calculated from the slope of % ys. 1. The Kissinger

equation can be used to obtain the pre-exponentlal factor A (14):

_PEs E,
ex,
“rr2 “PRr,

(14)

2.4.2. Thermodynamic study
The thermodynamic parameter can be derived from the fundamental
expression of the theory of the active complex (15) [31]:

_)(ekET AS EA
k= N exp(R exp( oo (15)

where kg is the Boltzmann constant, y is a transmission coefficient which
is unity for monomolecular reactions, h is the Planck constant, and AS is
the change of entropy for the active complex.

Taking into consideration the pre-exponential factor from the
Arrhenius equation (2), the expression (16) is obtained:

exp (%) (16)

After transformation of equation (16), the change of entropy of the
active complex can be calculated from the following expression (17):

ks T
AS:R(lnAfln}{ehB > 17

A _XeksT

The changes of Gibbs free energy and enthalpy of the active complex

can be evaluated from well-known thermodynamic equations (18) and
(19):

E,=AH +RT 18)

AG=AH —TAS 19

AS, AH, and AG are calculated at a temperature equal to the DTG
peak temperature, which corresponds to the highest rate of the pyrolysis
process.

Analysis and comparison of the calculated kinetic parameters enable
the description of the process of thermal degradation of spongin.

3. Results and discussion
3.1. Thermogravimetric analysis of spongin-based scaffolds

The thermal degradation of spongin-based scaffolds was studied at
four different heating rates (2.5, 5, 10, 20 °C/min) in the temperature
range 25-1100 °C. Described approach was needed for kinetic param-
eters calculations. The TG and DTG curves obtained for different heating
rates are presented in Fig. 1A and B, respectively. The data in Fig. 1A
indicate that the heating rate does not influence the thermal degradation
of the spongin material. There are two weight losses during thermal
treatment. The first, a weight loss of approximately 10-12% in the range
80-150 °C, is related to the evaporation of physically absorbed and
hydrogen-bonded water to the spongin skeleton [32,33]. The second, a
60-65% weight loss in the temperature range 200-420 °C, may be
associated with the decomposition of the proteinaceous matrix: cracking
of peptide bonds [32] and thermal degradation of disulphide bridges
[32,34] and hydrogen bonds [32]. The negligible mass loss in the higher

Table 2
Possible product degradation identified by QMS during thermal treatment
spongin scaffold in inert atmosphere.

Possible assignment Characteristic peaks (m/z)

H,0 16, 17, 18

CO, 12, 16, 22, 28, 29, 44, 45, 46
CoH, 25, 26

CsHs 27,39,40, 41, 42
(CH3),CO 43

NH; 15,16,17

NO 15, 16, 30

NO, 16, 30, 46

HCN 26, 27

CH5CN 39, 40, 41

H,S 33, 34

SO, 48, 64

(CH3CO),S 43




S. Zottowska et al.

—-—(m/z=15): NH,

== (m/z=39):
—-—(m/z=16): NH, (m/ ) =1
A CH,CN
—-—(m/z=27): HCN* |
i DTG =0
Y -1
=
c !
e |-2
o
k3 1
- L3
o
Z !
o -4
S \ |
% 5
T Y T T T T L T T o ] l:
100 200 300 400 SO0 6&00 700 BOO 900 1000
Temperature ( C)
—+=(m/z=33): H,S* — .= (m/z=30): NO*; NO,*
Cc _ —.—(m/z=34): H,S* - 1
3
S
=1 } =
o f
l: W
= -
= L o2
e =)
3 §
8
6

T T T T T T Y
100 200 300 400 00 600 700 BOO 900 1000

Temperature (C)

dmidt (%*s )

Polymer Testing 97 (2021) 107148

—+— (m/z=18): H,0

04)

DTG L o

P

-

v.m'
(m/z=41): |3 £
CH,CN E

]

(m/z=43): (CH,);CO;

lon current (arab. units)

f\ / I~ (CH,C0),S
5
' T Ne—e——— |
__——ﬁ:f
T T T T T L T —6
100 200 300 400 500 600 700 800 900 1000

Temperature ('C)

D —+— (m/z=44): CO,*
1 == (m/z=64): SO,*
| == (m/z=48): sO*

lon current (arab. units)
dmvdt (%°s )

100 200 300 400 500 600 VOO 800 900

Temperature ('C)

Fig. 2. DTG-QMS curves with examples of released gases during thermal treatment of spongin-based scaffolds.

temperature range could be associated with the different heating rates
application, which affects the kinetics of material transformation.

From the data in Fig. 1B, it is apparent that the temperature of the
DTG peaks is related to the heating rate: with an increase in the heating
rate, the temperature at the DTG maximum (T,,) as well as the tem-
peratures of the beginning and end of the process are shifted to higher
values what is with the agreement to the common knowledge [35].
Consequently, the intensity of the DTG peaks on plots increases with the
rising heating rate [11,21,35], which is also a very well-known phe-
nomenon. The DTG curves collected with various heating rates were
then used to calculate activation energy E4 and pre-exponential factor A,
which is shown further in this work.

3.2. Analysis of volatile products using TG-QMS measurements

The qualitative analysis of released gases during thermal treatment
was carried out using the quadrupole mass spectrometer (QMS 403C
Aéolos) in the scan mode. The evolved gasses analysis of spongin-based
scaffolds showed clearly the presence of simple gasses such as HyO, CO,
NHs, NO, NOy, HCN, H,S, SO,, as well as hydrocarbons: CoHj, CsHe,
(CH3)2CO, CH3CN (see Table 2). Table 2 contains only main, charac-
teristic m/z signals used for peaks deconvolution. Fig. 2 presents DTG
curves with chosen QMS signals collected during the thermal treatment
of spongin-based scaffolds. For better understanding and quality of

Fig. 2, the authors decided not to show all recorded m/z lines.

Based on Fig. 2 and Table 2, it can be seen that the first mass loss
during thermal treatment is related to the evaporation of water adsorbed
onto the spongin skeleton at a temperature near 100 °C. At higher
temperatures, the evolution of humidity presents a peak at 300 °C.
Short-chain alkenes such as C;H, and C3Hg are formed at 200-700 °C,
with broad evolution peaks. In this temperature range, the evolution of
(CH3)2CO was also observed. The carbon matrix’s degradation via CO»
release from ~200 to 500 °C (at 340 °C a sharp peak with m/z 44 can be
observed. Small peaks at ~600 °C and 890 °C are also visible, which may
be related to the carbon chains’ slow pyrolysis. The release of sulphur
dioxide is a multi-step process (the m/z = 48 is characteristic for SO,
and m/z = 64 is assigned to SO3). There are two distinctive regions. The
first region with the highest intensity of peak at 270 °C and the second
region of further SO, release occurs at a temperature range from 890 to
above 1000 °C in two stages. Moreover, the presence of HyS was
observed in the temperatures range of 250-450 °C. The nitrogen-rich
compounds have also been released in a multi-step process. Ammonia
appears in two stages at a temperature range of 250-700 °C. The for-
mation of HCN has been proved and occurred at temperatures between
250 and 600 °C. Release of NO and NO; was observed in two temper-
ature ranges: 200-500 °C and 600-950 °C. The presence of CH3CN in the
was detected at the temperature range from 280 to 500 °C.
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Fig. 4. Reaction profiles of spongin pyrolysis for different heating rates.

3.3. The determination of the influence of pyrolysis temperature on
porous structure parameters of resulted materials

The low-temperature nitrogen sorption tests have been carried out
for materials obtained after pyrolysis at 400, 600 and 1000 °C to
investigate the effect of pyrolysis temperature on the porosity of resulted
carbon-based materials. These temperatures were chosen based on the
TG-QMS measurements. The obtained results are shown in Fig. 3.

Spongin-based scaffolds as a heterogeneous material derived from
nature had estimated surface area in the range of 3.4 m?/g [9]. Conse-
quently, the spongin-based precursor’s thermal pyrolysis led to the

increased surface area, moreover, when the pyrolysis temperature in-
creases, the BET surface also increases. However, opposite correlations
are observed for the values of pore volumes and average pore sizes
which decrease with the increases of pyrolysis temperature. According
to the literature, a further increase in pyrolysis temperature led to tur-
bostratic disordered carbon formation with microporous structure [9].
From the data presented above, it can be seen that the increase in the
temperature of heat treatment enhances the skeletal structure of the
resulted carbon-based materials.

3.4. Kinetic study

3.4.1. Determination of kinetic parameters by the Coats—Redfern approach

The Coats-Redfern approach assumes the application of various ki-
netic models to express the dependence of conversion on the process rate
(for details, see Table 1). However, it must be pointed out that all of the
models presented in Table 1 are specific only for solid-state reactions.
Despite the significant number of reaction models, they can be divided
into four main groups: chemical reactions, nucleation and growth of
nuclei, limiting surface reaction between two phases, and diffusion
models. Each group is associated with a specific shape of the plot
showing changes in the extent of conversion («) over time. The experi-
mental data were plotted to obtain a reaction profile (as shown in Fig. 4)
to choose the most reliable kinetic model.

In the reaction profiles presented in Fig. 3, several stages can be
differentiated. First, the initial, small, and rapid evolution of gases (for
the a range 0.0-0.11) may be identified as the decomposition of some
impurities and evaporation of physically adsorbed water. This small
input is omitted from the overall kinetic calculations [27]. Second, for
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Fig. 5. First-order (A), second-order (B), third-order (C) and Zhuravlev (D) models evaluated for the experimental data.

Table 3
Kinetic triplet calculated from first-, second- and third-order models and the
Zhuravlev model.

First-order model

B (°C/min) Ea (kJ/mol) InA (min~") ?

2.5 30.36 0.004 0.943
5 29.49 0.003 0.947
10 31.63 0.005 0.971
20 24.59 0.001 0.994
Second-order model

2.5 38.29 0.032 0.965
5 39.28 0.036 0.976
10 41.55 0.064 0.989
20 31.77 0.006 0.997
Third-order model

2.5 47.23 0.298 0.978
5 48.35 0.382 0.986
10 48.70 0.817 0.993
20 39.32 0.092 0.999
Diffusion model 4 — Zhuravlev equation

2.5 75.54 11.691 0.964
5 77.43 1.159 0.975
10 81.47 15.335 0.988
20 64.15 0.809 0.988

higher than 0.11, the primary pyrolysis process begins, this having the
highest rate. The observed bed of the curve is a consequence of the linear
increase in temperature, which enhances the kinetics of decomposition;
however, the amount of reactant decreases.

Interestingly, a plateau in the course of the degradation process over
time is observed with increasing heating rate — this induction period may
be related to the slow process of reaching equilibrium with the external
furnace temperature. The possibility of formation of active nucleation
species must be discounted due to the organic nature of spongin. Next,

the rate of decomposition progressively increases in the acceleration
period to reach the maximum rate. Then the deceleration period begins,
lasting until the reaction is completed.

Data obtained from the thermogravimetric analysis were applied for
the determination of kinetic triplets using the proposed models
(Table 1). The highest correlation coefficient was achieved for the re-
action model and diffusion model type 4 — the Zhuravlev equation - as
shown in Fig. 5. The calculated activation energies and pre-exponential
factors are shown in Table 3.

Linear correlation of the experimental data was achieved for values
of a in the range 0.2-0.5, and the calculations were carried out for this
range. Based on the calculations, the third-order model has the highest
correlation coefficient, and this model seems to define the mechanism of
thermal decomposition with the greatest accuracy (for comparison, see
Table 3).

It is visible that the activation energy varies with increasing heating
rate, reaching the highest value for p = 10 °C/min and the lowest for =
20 °C/min. This behaviour may be explained by the fact that with
increasing heating rate, the rapid pyrolysis of organic matter is
observed, as was confirmed in the DTG analysis (see Fig. 1B). Similarly,
the value of the correlation coefficient increases with increasing heating
rate, independently of the applied reaction model — reaching the value
0.999 for the third-order model. This finding suggests that at the highest
heating rate, the thermal decomposition of spongin-based scaffolds ex-
hibits the least deviations, and therefore the experimental data can be
fitted to the model. Based on the data in Table 3, the third-order reaction
model was found to be appropriate to approximate the mechanism of
thermal degradation.

It should be noted that for the Zhuravlev model, the calculated Ep
values are significantly higher than for the other models. On the other
hand, for this model, the correlation coefficients were not the highest.
Nevertheless, it must be mentioned that such correlation of
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Fig. 6. OFW (A) and KAS (B) models obtained for the thermal degradation of spongin scaffolds.

Table 4
Arrhenius parameters and regression factors for the thermal degradation of
spongin scaffolds according to the OFW method.

OFW
A E4 (kJ/mol) A (min™Y) r?

0.1 143.39 0.00063 0.940
0.2 286.25 0.001889 0.978
0.3 374.63 0.004248 0.881
0.5 336.42 0.005982 0.969
0.7 353.01 0.009028 0.964
KAS

A E, (kJ/mol) A (min™ 1) 2

0.2 272.24 3.34.10% 0.763
0.3 350.41 4.47.10% 0.872
0.5 323.27 1.73-10% 0.989
0.7 333.78 2.44.10% 0.866

experimental data with the Zhuravlev model may lead to false findings
concerning the mechanism of thermal decomposition. During spongin
pyrolysis, diffusion has little influence on the process kinetics. A similar
situation is observed for the nucleation and nuclei growth mechanism:
due to the protein nature of spongin-based scaffolds, the growth of
nuclei is a negligible process in the overall pyrolysis.

3.4.2. Iso-conversional methods

The information obtained from TG was applied in calculations using
the iso-conversional method according to the OFW and KAS models. The
obtained regression lines are shown in Fig. 6A and B, respectively.

It should be noted that these methods do not take into consideration
the reaction order and degradation mechanism. The calculated values of
Ea and A from the OFW and KAS models are summarized in Table 4.

It can be seen from the data in Table 4 that the values of activation
energies vary with the extent of conversion . For a = 0.2, an abrupt
increase from 143.39 to 286.25 kJ/mol in the value of Ex can be
observed. The result suggests that for the decomposition of fibres and
breaking of the disulphide bridges and peptide bonds of spongin-based
scaffolds, a higher activation energy is required [32,34]. Above o =
0.5, minor fluctuations in the values of calculated activation energy are
observed. This fact may be related to the further decomposition of
proteinaceous scaffolds [33]. The results also show that the regression
coefficients are lower than in the case of the Coats-Redfern method (see
Table 3), which means that the OWF model is less well correlated with
the experimental data.

The activation energy of the spongin-based scaffold’s thermal
degradation was also calculated using the KAS method (Fig. 6B). The

kinetic parameters were evaluated from the slope and intercept of the
obtained equation (12). Ep values differ with degree of conversion, the
lowest value was calculated for o = 0.2, and others vary in the range of
323-350 kJ/mol. Interestingly, the values of the pre-exponential factors
are significantly higher than those calculated using the OWF approach.
Moreover, it is notable that the correlation coefficients (%) have smaller
values than other methods (Coats—Redfern and OFW). Nevertheless, the
activation energy calculations were also carried out using the KAS
approach with the simplification and narrowing of the temperature
range that corresponded to the highest process velocity. This is shown in
the Supplementary Material.

Calculations of the kinetic triplet were also carried out using the
Friedman method. However, because of the low correlation coefficient
obtained, this method was not taken into further consideration. For
more details, see the Supplementary Material.

The most striking result to emerge from these data is the fact that the
calculated activation energies from the OFW method are significantly
higher than those obtained from the Coats-Redfern and KAS methods.
These results may be related to the different approximations used in
each method. These relations are correct if the extent of conversion does
not influence the activation parameters. Thus, if the activation param-
eters are dependent on the extent of conversion, these derivations are
not appropriate. Therefore, in such cases, the Coats-Redfern method,
which uses the reaction rate equation directly, is recommended.

The methods proposed in this work are commonly applied in the
determination of kinetic parameters of inorganic compounds as well as
various biomaterials, as described in the introduction. Therefore, at
present such methods are assumed to be valid when discussing the
mechanism of thermal decomposition and comparing the values of ki-
netic parameters for various materials. Nevertheless, they suffer from
various drawbacks. For example, the solid-state reaction models were
derived for simple inorganic compounds. Therefore, their use to describe
the thermal degradation kinetics of biopolymers can often lead to good
data correlation and thus a high correlation coefficient, but the assumed
decomposition mechanism will be significantly simplified.

On the other hand, the model-free methods seem to overcome the
problem of simplification of the mechanism. They are based on
approximation of the temperature integral and work only in the region
of linear temperature change. Moreover, these techniques can be applied
only if the extent of conversion does not influence the kinetic parame-
ters, which is not always the case for biopolymers. However, the proper
approximation of the temperature integral is also not yet established
[36]. Therefore, the iso-conversional methods may also lead to errors in
activation energy evaluation. Consequently, the development of a new
method to investigate kinetic parameters may solve some of the prob-
lems of the currently existing pathways.

It may be noted, however, that most studies have concerned
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Table 5
Thermodynamic parameters of thermal degradation of spongin-based scaffolds.
Model B AS AH AG
°C/min J/mol-K kJ/mol kJ/mol
Third-order model 2.5 —323.65 94.53 278.66
5 —266.77 96.63 251.53
10 —260.53 97.45 250.20
20 —278.86 89.12 256.14

calculation of the kinetic parameters of thermal degradation of well-
studied biopolymers: chitin, lignin, cellulose, wood fibres, and others
[37-39]. Few of them are focused on determination of the activation
energy of the thermal degradation of collagen or keratin. Gil et al. [40]
concluded that the thermal degradation of collagenous wastes occurs in
three stages, and the activation energy of each step varies between 63
and 179 kJ/mol. Also important is the finding that spongin is structur-
ally close to collagen, although its thermal degradation takes a different
course. Thus, it is difficult to relate to these results directly. Indepen-
dently of the model applied, the results are consistent with the activation
energies evaluated for the thermal degradation of proteins. According to
Bischof et al. [41] and Istrate et al. [18], pyrolysis of proteins is char-
acterized by a wide range of activation energies, and these are generally
related to the amino acid composition.

On the other hand, comparing values calculated for spongin-based
scaffolds with data obtained for the polyurethane foams, the latter is
characterized by higher activation energies than those calculated for
spongin-based scaffolds [42,43]. However, spongin-based scaffolds’
thermal stability slightly lower, reaching approximately 140 °C, while
for polyurethane foams it lies in the range of 200-300 °C. Nevertheless,
due to its superior physicochemical and morphological properties,
spongin-based scaffolds seem to be a promising source for preparing
structured microporous bio-carbons. Moreover, due to global contami-
nation of the world ocean with micro-and nano-plastics, studies on
naturally pre-structured and ready to use selected biodegradable
biopolymer-based 3-D constructs are in trend now.

3.3.4. Thermodynamic calculations

To gain an accurate understanding of the mechanism of thermal
decomposition of the studied spongin-based scaffolds, the changes of
entropy (AS), Gibbs free energy (AG) and enthalpy (AH) were calcu-
lated. The values obtained are summarized in Table 5.

The negative value of AS suggests a reduction of random effects at
the gas-solid interface and a decrease in the degree of freedom of the
substances during the thermal decomposition process. Positive values of
AG confirm that degradation is a forced process. It should be noted that
for the rate § = 20 °C/min, independently of the model applied, the AH
value is lower than in the case of other heating rates. This finding con-
firms the fact that with an increase in heating rate, the energy required
for thermal decomposition of spongin-based scaffolds is lower.

4. Conclusion

Knowledge of pyrolysis’s kinetics is extremally useful in determining
the optimal conditions for the carbonization on any material with the
potential to be applied in material science. Due to the superior proper-
ties of spongin-based scaffolds isolated from H. communis sponge skel-
etons in preparation of microporous, hierarchical carbonaceous
materials, this work focused on evaluating the kinetics parameters of its
thermal degradation process. The TG analysis revealed that this bio-
material’s thermal degradation does not depend on the heating regime,
and during pyrolysis, two weight losses can be observed. The kinetic
parameters were calculated using the Coats-Redfern, OFW and KAS
methods. The obtained activation energies from the Coats-Redfern
method were in the range 39.3-48.7 kJ/mol. However, high correlation
coefficients with the experimental data were also obtained for the solid-
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state reaction Zhuravlev model, with calculated activation energies in
the range 64.2-81.5 kJ/mol. This work provides a comprehensive
analysis of the pyrolysis of spongin-based scaffolds, with the evaluation
of the most popular methods of calculation.
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