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The pyrolysis kinetics of cellulosic fibres, a natural cotton yarn (NCY) and a mercerized cotton yarn (MCY), has
been explored with a modified first order global analysis method (FOG), via a series of non-isothermal experi-
ments, using thermogravimetric analysis (TGA). The modified FOG analysis routine was developed to overcome
discrepancy in heating rate and the difference between exact results and approximations in integrals. The
intrinsic pyrolysis activation energy, with temperature range tending to zero, was found to be independent of
heating rate and approximation used, giving average values of 153 + 2 kJ/mol for NCY and 192 + 7 kJ/mol for
MCY. This proves the applicability of the reported analysis routine under the conducted TGA measurements. The
reasons for different values were hypothesized to be the difference in chemical composition and crystalline
structure. The findings provide a new approach in the investigation on pyrolysis kinetics of biomass and factors

impacting their pyrolytic behaviour.

1. Introduction

Extensive attention has been focussed on biomass energy of which
cellulose is the most abundant biopolymer on the earth (Qu, He, Cai,
Huang, & Ning, 2016; Shen, Gu, & Bridgwater, 2010; Yaman, 2004;
Zhang et al., 2010). The thermochemical conversion is one of the most
common methods to harvest the energy stored in cellulose-based ma-
terials. Pyrolysis kinetics is used to investigate how the materials behave
under elevated temperatures, which can help reveal the reaction
mechanism underlying thermochemical utilization processes, prediction
of reaction rates and difficulty of thermoregulation.

The kinetic research on the pyrolysis of cellulose-based materials can
be traced back to the 1950s (Stamm, 1956). In this research field, two
measurements can be applied, isothermal (Chen & Kuo, 2011) and non-
isothermal (Yue et al., 2012). Due to the relatively low heating rate of
most TGA apparatus, cellulose samples can be significantly degraded
before the required temperature is reached during an isothermal pro-
cess, giving difficulty to reach the ideal isothermal conditions. There-
fore, non-isothermal methods are commonly used in terms of the
research on the pyrolysis of cellulose-based materials (Wang, Dai, Yang,
& Luo, 2017) Although pyrolysis is a thermally stimulated heteroge-
neous reaction, the theories of the kinetic model are mostly developed
from those of homogeneous reaction kinetics (Serbanescu, 2014). The
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conversion, a, expresses how much of the organic substance is pyrolyzed
and it can be calculated from the initial sample weight (w,), the initial
water content (Wg,0), the sample weight at time t (wy), and the residual
char weight (w,) via Eq. (1) (Broido, 1969). The reaction rate can then
be expressed by Eq. (2) (Coats & Redfern, 1964; Wang et al., 2017)

Wo — WH0 — Wy

q=—2 M0 @

Wo = WH,0 — Weo

@ k@ @
where the rate constant k(T) can be described with an Arrhenius theory
(Eq. (3)), of which A and E are the frequency factor and the pyrolysis
activation energy respectively; and f(@) is a chosen reaction model, with
reaction order to be n, and is generally written as Eq. (4) (Coats &
Redfern, 1964; Wang et al., 2017).

K(T) = Aexp( - %) 3)

fl@)=01-a) (C]

As for the non-isothermal measurements, linear heating methods
with a heating rate of § as expressed by Eq. (5) are used and are within
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the scope of this research.

T=T,+pt ()

where T, and t are the initial temperature and the evolving time,
respectively.
By combining the equations above, Eq. (2) can be rewritten as:

da dadl da

E n
Efd—Tafd—Tﬂ:Aexp<fﬁ>(lfa) (6)

Among the non-isothermal measurements, two methods are most
readily used: the model-fitting method and the so-called “model-free”
method. For the former, the reaction model, f(), is assumed in advance
and then fitted to the experimental data to obtain the kinetic parameters,
such as the Coats-Redfern integration method (Coats & Redfern, 1964).
The first order global model (FOG), where n in Eq. (4) is unity, has been
used intensively for cellulose pyrolysis (Serbanescu, 2014). It is
considered as satisfactorily describing the process at linear heating rates
up to 100 °C/min and the kinetics can be represented by this single-step
process (Banyasz, Li, Lyons-Hart, & Shafer, 2001; Serbanescu, 2014).
For the model-free methods, they are based on the principle that the
reaction speed is only a function of temperature at constant conversion,
also called the isoconversional method, and does not need the prior
assumption of the form of f(a). The kinetic parameters, activation energy
and pre-factor, can be determined from a series of TGA tests carried out
with different heating rates, normally at least three rates (Friedman,
1964; Serbanescu, 2014). There are two categories of isoconversional
methods: differential methods and integral methods. Due to the fact that
no approximations are required, which could lead to discrepancies of the
temperature integral, and there is no requirement on the prior
assumption of f(a), then the differential methods on the same equations
are theoretically more reliable than the integral methods (Wang et al.,
2017). The Friedman method is one of the most commonly used dif-
ferential methods (Wang et al., 2017), and it can be expressed by:

da da dT da E 1
IH(Z) = ln<d—T E) = n(ﬁ’d—T> = In[Af(a)] RT @

The reported pyrolysis activation energy ranges of cellulose, hemi-
cellulose and lignin are summarized in Table 1. Their decomposition
temperatures range from 220 to 315 °C for hemicellulose, from 300 to
400 °C for cellulose and from 150 to 900 °C for lignin (Leng et al., 2022;
Lv et al., 2010; Yang, Yan, Chen, Lee, & Zheng, 2007). In other words,
the hemicellulose is less thermally stable than cellulose, and lignin has
the widest thermal degradation temperature range among them. It has

Table 1
A summary of the reported pyrolysis activation energies of cellulose, hemicel-
lulose and lignin from literature.

Material Pyrolysis activation Reference
energy range (kJ/
mol)
Cellulose 135-223 (Cao, Li, Marti-Rosselld, & Zhang, 2019;
Fan et al., 2017; Luo et al., 2020;
Mamleev, Bourbigot, & Yvon, 2007;
Morgado & Frollini, 2011; Ozsin, 2020;
Yeo, Chin, Tan, & Loh, 2019; Zhang et al.,
2022; Zhu & Zhong, 2020)
Hemicellulose 115-144 (Cao et al., 2019; Ding et al., 2020;
Moriana, Zhang, Mischnick, Li, & Ek,
2014; Thanatawee, Rukthong,
Sunphorka, Piumsomboon, &
Chalermsinsuwan, 2016; Yeo et al., 2019;
Zhang et al., 2022; Zhu & Zhong, 2020)
Lignin 23-243 (Cao et al., 2019; Dussan, Dooley, &

Monaghan, 2019; Farag, Attia, &
Mohaddespour, 2021; Thanatawee et al.,
2016; Yeo et al., 2019; Zhang et al., 2022;
Zhu & Zhong, 2020)
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been reported that the crystallinity/crystalline size (Kim, Eom, & Wada,
2010; Poletto, Zattera, Forte, & Santana, 2012), chemical composition
(Ramiah, 1970; Zhu & Zhong, 2020) and degree of polymerization
(Vanderfleet et al., 2019) can also influence the thermal stability of
lignocellulose in a complex way. For this reason, these two aspects,
chemical composition and crystal structure, are explored in this work by
investigating a natural cotton yarn (NCY) and a mercerized cotton yarn
(MCY).

Even though the effect of lag in heat transfer, i.e. the difference be-
tween the external temperature and the internal temperature, on the
pyrolysis kinetics parameters has been reported (Czajka, 2021), the in-
fluence of the difference between the actual heating speed and the target
heating speed on a TGA machine is rarely considered. This can influence
the validity of the assumption addressed from those models, i.e. the
heating rate is assumed to be constant which can be not quite true in
reality and so this is also investigated in the study.

This research presented in this paper investigates the pyrolysis
behaviour with a modified model derived from the well-known first
order global method. The important aspect from the reliability of the
TGA machine in terms of the heating rate is also analysed. Further, the
pyrolysis behaviour of the two cotton samples is compared in association
with the other characteristics of the samples, such as molecular weight,
carbohydrate composition and crystalline structure. We hypothesize
that the chemical composition and/or crystalline structure dominate the
pyrolysis kinetics.

2. Materials and methods
2.1. Materials

The cellulose sources are from two undyed cotton yarns, a natural
cotton yarn (NCY) (obtained from Airedale Yarns, Keighley, UK) and a
mercerized cotton yarn (MCY) (100 m-nr50, No. 1716, Coats Group plc,
UK), and they were used as received. The mercerization process is an
industrial process often used for cotton fibres to increase the adhesion of
dyestuffs, named after John Mercer, where a concentrated alkaline so-
lution is used, such as sodium hydroxide (Clibbens, 1923; Yue et al.,
2012).

2.2. X-ray diffraction

For characterizing the crystalline structure of the cotton samples, an
X-ray machine (DRONEK 4-AXES, Huber Diffraktionstechnik GmbH &
Co. KG, Germany) was used to conduct wide-angle X-ray diffraction
(WAXD) under transmission mode on non-powder samples. Three 20
line scans along the equatorial direction of the 2D X-ray diffraction
pattern were carried out on each sample from 5° to 30° with the step of
0.2° and a counting time of 50 s. The X-ray was generated by Cu-Ka at
40 kV and 30 mA with a wavelength A to be 0.154 nm. The intensity vs.
260 curves were obtained by subtraction of a background scan carried out
with no sample.

2.3. Thermogravimetric analysis

A TGA machine (STA 449 F3,NETZSCH-Geratebau GmbH, Germany)
was applied to perform the thermal stability analysis of the cotton
samples from 30 °C to 650 °C with linear ramping speeds of 5, 10, 20 and
50 °C/min, under a Nitrogen purge gas of 40 ml/min. Each sample was
cut into about 0.5 mm long short fibres, and the total weight was ca. 10
mg for each test, contained in 70 pL Al,Os crucibles.

2.4. Determination of weight-average molecular weight and molecular
weight distribution

The weight-average molecular weight (M,,), number-average mo-
lecular weight (My) and the molecular weight distribution (MWD) of the
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natural cotton and the mercerized cotton samples were measured with
the technique of multi-angle laser light scattering (MALLS), where the
refractive index (RI) is used to determine the molecular weight
(Andersson, Wittgren, & Wahlund, 2003; Yokoyama, Renner-Nantz, &
Shoemaker, 1998). The solution used for injection was prepared as the
following: First, the cotton samples were soaked in a water bath for 7
days at 40 °C before the solvent was exchanged from water to ethanol
and finally into dimethylacetamide (DMAc). The samples were kept in
the DMACc for 12 h and then fully dissolved in a 9 % solution of LiCl in
DMAc. Each sample was measured twice. The method and results have
been reported in our preceding paper (Liang, Ries, & Hine, 2022).

2.5. Determination of the contents of lignin and hemicellulose

First, the samples were cryogenically milled in a Retsch mill for 5-10
min and then thoroughly dried at 40 °C with a vacuum oven. In terms of
the determination of the lignin content, the protocol of liyama and
Wallis (liyama & Wallis, 1988) and the modification of Hatfield et al.
(Hatfield, Grabber, Ralph, & Brei, 1999) were used on both the natural
cotton and the mercerized cotton samples. Triplicate measurements
were done on each sample. The analysis of the content of hemicellulose
was performed in accordance to the acid methanolysis reported by
Sundberg et al. (Sundheq, Sundherg, Lillandt, & Holmhom, 1996). The
measurement of the contents of lignin and hemicellulose in the two
samples have been reported in our preceding paper (Liang et al., 2022).

2.6. Theoretical considerations and calculation procedures for the
pyrolysis analysis

The TGA data was analysed and modelled with a method modified
from the simple FOG model and the equations related in the method are
shown as:

"dy /‘ dy A (T ( E )
—= | === exp| ——=|dT (€))
/y ooy B P\ "kt

where y equals 1 — a, and the left-hand side could be integrated to be:

1
[5=n() ©
,

As the right-hand side of Eq. (8) cannot be integrated simply, ap-
proximations have to therefore be applied for its integration. When T is
very close to the temperature of maximum pyrolysis speed, T, whose
value can be confirmed from derivative thermogravimetry (DTG)
curves, three approximations have previously been reported (Broido,
1969):

EN _[(T\ 1™
o(w) ~|(7) @

E E, T
exp<7ﬁ>~exp{fR—Tm <2 Tm>:| 11
E 7\ E
exp( - ﬁ) ~ (?) exp< — ﬁ) (12)
The three approximations yield three integration results,
respectively
[ /1\] E
In _ln (;) | = (RT,,, + 1) InT + C, 13)
[ /1\] E
In _ln <;) | = R_T,%,*T_'_ G 14)
[ /1\] E 1
In _ln <;> | = — E“"T—&- Cs (15)

Carbohydrate Polymers 305 (2023) 120518

where C3, C2 and Cj3 are constants, and slopes from the linear fittings
(% +1, R% and — £) can be used to calculate the activation energy. For

the sake of simplicity, hereafter the three equations, Egs. (13), (14) and
(15), are referred to as the InT, T and % methods, respectively. These
approximations are only valid when the temperature range is very close
to Ty, otherwise wide temperature ranges will introduce non-negligible
errors. Therefore, a modified FOG method is applied for the kinetic
research on the pyrolysis of natural cotton and mercerized cotton sam-
ples, and more details will be given later.

3. Results and discussion
3.1. Crystalline structure

For analysing the composition of cellulose I and cellulose II in the
samples, a deconvolution method (Liang et al., 2022; Liang, Hawkins,
Ries, & Hine, 2021) was used where cellulose I and cellulose II peaks are
deconstructed to subpeaks fitted with Gaussian functions, deconvolution
results of the raw natural cotton and the raw mercerized cotton are
shown in Fig. 1 (a) and (b) respectively. Diffraction peaks at 14.8°(110),
16.3° (110) and 22.4 (200) are assigned to the cellulose I, and those at
12.4° (110), 20.2° (110) and 21.8° (200) are from the cellulose II
structure (Liu et al., 2012). It is worth noting that the cellulose I peak at
20.6° (120), cannot be observed on an equatorial scan of our non-
powder samples which is therefore not further discussed in this
research (De et al., 2019). There is also a broad peak centred at 20 of
18.2° which is associated with the amorphous fraction. After deconvo-
lution, the summation of area under each peak for different crystal forms
was obtained via integration, and the fraction of area summation of each
crystalline structure to the total is used for quantifying the crystallinity.
It should be noted that this is not a measure of the absolute cellulose I
and cellulose II crystallinity, but rather a quasi-quantitative measure of
crystal structure changes with mercerization. The cellulose I, cellulose II
and amorphous region fractions of NCY and MCY were found to be 65 %,
0 % and 35 %, and 40.7 %, 19.7 % and 39.6 %, respectively. So as ex-
pected, mercerization reduced the cellulose I fraction, and increased the
cellulose II and amorphous fractions.

3.2. Thermogravimetric analysis of the two cotton samples

TGA was conducted to characterize the mass loss with time of the
two cotton samples at different heating speeds (5, 10, 20 and 50 °C/
min), and the results are shown in Fig. 2.

It can be shown from Fig. 2 (a) and (b) that every TGA curve presents
a single decomposition stage after a tiny weight loss step, ca. 4 %,
located at around 80 °C attributed to water loss, indicating a primary
pyrolysis stage. For both of the NCY and MCY samples, the decompo-
sition stage shifted to higher temperature ranges as the heating rate
increased, see the derivative (DTG) curves in Fig. 2 (c¢) and (d). The
shifting of the decomposition stage is caused by the transfer limitation of
heat and mass, resulting in a temperature gradient inside the samples
(Cortés & Bridgwater, 2015).

For NCY, the decomposition began at around 270 °C and continued
until 390 °C, while for MCY, the decomposition temperature range was
found to be from 310 °C to 410 °C. Fig. 2 (c) indicates that the maximum
decomposition rate of NCY was at between 334.6 °C and 357.4 °C within
the range of heating rates, which is lower than MCY, from 354.4 °C to
381.8 °C, shown in Fig. 2 (d). The temperature at the maximum
decomposition rate, Tp,, increased with heating rate, #, and in order to
get the intrinsic temperature at the maximum decomposition rate, [Ty,],
which is the T;, when = 0, the dependence of Ty, on g is plotted and
shown in Fig. 2 (e). Examination of the plots suggests that T, dramati-
cally increased in the beginning until it reached a plateau, and this ap-
plies to both sample cases. Therefore, we propose an exponential fitting
equation to do modelling of the two datasets, expressed with the
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Fig. 1. WAXD spectrum deconvolution curves of (a) the natural cotton yarn and (b) the mercerized cotton yarn with relevant peaks labelled, where the open dots are
the raw data, and the solid grey lines are summation of all deconvolution peaks, and CI and CII represent cellulose I and cellulose II respectively.

Fig. 2. Thermogravimetric analysis curves at
- 100 : .,.NCY (a) - 100 : “""““M.CY (b) different heating speeds for (a) the raw natural cotton
= 80 - \ T 30 - \ yarn (NCY) and the raw mercerized cotton yarn
~ ] ~ ] (MCY); and derivative thermogravimetric (DTG)
§ 60 - § 60 - curves at different temperature ramping rates for (c)
- 1 = 1 —— 5 °C/min NCY and (d) MCY; (e) dependence of the temperature
§ 40 1 g | § 404 10 °C/min at the maximum decompositon rate (T,) on the
< 20 : 10 oC/m¥n s 20 : _____ So— heating rate of TGA on both the samples, where the
1 20 oC/m¥n = | R m¥n = datasets are fitted with an exponential appoach
0 +— ._50 .C/.m L — 0 +— ,_50 ,C/l.mr,] I equation (Eq. (16)) shown with the black solid lines
. 2
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equation below to determine Ty: where a, b are constants, and [Ty,] can be confirmed from the intercept

where the heating rate is zero, see Fig. 2 (c). The confidence of the fitting

16)
can be expressed with the coefficient of determination, R?, which are

T,=ax (1—e™)+[T,)
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larger than 0.99 in both NCY and MCY datasets, giving [T},] to be 317 +
6 °C and 346 + 3 °C respectively.

3.3. Determination of the pyrolysis activation energy

As to the determination of the pyrolysis activation energy, it is
essential to choose the suitable modelling method. Here, two methods
are compared regarding their applicability and reliability on the two
cotton samples, based on the conditions applied on the TGA measure-
ments - the FOG method belonging to the model-fitting method, and the
Friedman method, a model-free method or the isoconventional method.
According to Egs. (6) and (8), both are dependent on the heating rate, j,
and even though the heating rate was set to be a constant on the machine
when measuring, in reality it might not be. So, it is essential to quantify
the actual heating rate during the measurement, therefore the instan-
taneous heating rate (#) is introduced and expressed by Eq. (17) below:

/ Tn - Tn—l

P= an

where T,, and T,_1 measure the nt temperature and the (n-l)th tem-
perature of the TGA measurement range, and t, and t;,_; represent the
corresponding time at each temperature, respectively.

Fig. 3 shows the dependence of the instantaneous heating rate ( ')
with temperature for the two cotton samples, at different target heating
rates.

As shown in Fig. 3, for both the NCY and MCY samples, the instan-
taneous heating rates were not constant with temperature, and it firstly
increased to a temperature higher than the target and then dropped
down to a steady value - close to the target heating rate (), which does
not conform to the assumptions applied in the FOG and Friedman
method. As the target heating rate increases, the temperature at which
the #' turns over increased, e.g. for 5 °C/min the turn-over temperature
is ca. 80 °C, while as to 50 °C/min it becomes ca. 250 °C. A larger
fluctuation can be found at higher target heating rates, and this can be
further proved from the results shown in Table 2, where the higher the g,
is, the larger the difference between the maximum instantaneous heat-
ing rate (87™) and the minimum instantaneous heating rate (8" is, and
for the p; of 50 °C/min the difference is large as ca. 100 °C/min.

Recall Eq. (7) for the Friedman method and Eq. (8) for the FOG
method. The former relies more on f#, as it is in a differential format
depending on the instantaneous value of % = %, but the latter relies on
the average heating rate, f3;, within the temperature range for the inte-

gration. f; is expressed as

XA
B=— (18)
n
80
on J
g 70 @
S ~60 A
L = ]
E g 50 ] 5 °C/min
g © 40 A 10 °C/min
[-5) QJ30 : 20 °C/min
S o ] ——50 °C/min
£ 520 1
S e 10 -
g 0 T T ‘k T T 'I V' T T T ' 4' IV '
(S

0 100 200 300 400 500 600 700
Temperature (°C)
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Table 2
Statistical results of instantaneous heating rate for the NCY and the MCY at
different target heating rates set for TGA measurements.

Sample  Target Average Maximum Minimum
heating instantaneous instantaneous instantaneous
rate (8 heating rate (5;)  heating rate heating rate
(*C/min)  (°C/min) () (°C/min) (") (°C/min)

NCY 5.0 5.0+0.1 7.9 0.2
10.0 10.0 £ 0.1 15.3 0.3
20.0 20.0 £ 0.1 29.1 0.1
50.0 50.0 £ 0.3 98.8 0.3

MCY 5.0 5.0+0.1 8.1 0.8
10.0 10.0 £ 0.1 15.7 0.3
20.0 19.9 £ 0.1 29.1 0.2
50.0 50.1 £0.3 100.9 0.3

PB; is calculated with Eq. (18).

where §(T)) measures the instantaneous heating rate at temperature T;.

Therefore, in our case - the temperature controlling ability of the
TGA machine shown in Fig. 3 — the FOG method is more appropriate to
be used for analysing the pyrolysis behaviour of the two cotton samples.
However, the reliability of the approximations for the exponential term
on the right-hand side of Eq. (8) needs to be further proved, see Egs.
(10), (11) and (12).

To examine the discrepancy of the three approximations from the
exact result, the difference between them within the measuring tem-
perature range is analysed, see Fig. 4, where the difference, A, is
calculated, according to the integration result of the left-hand side (I1)
and the right-hand side (Ir) of the comparison item shown in each plot in
Fig. 4, through the equation below:

[T — Ig

L

A= x 100% (19)

The values used for the simulation in Fig. 4 come from ranges of the
corresponding values for the cellulose pyrolysis reported in the litera-
ture. These have been reported as 135 to 223 kJ/mol for the range of
activation energies and 300 to 400 °C for the range of temperatures at
maximum decomposition rate. From the simulated results shown in
Fig. 4, the discrepancy decreases as the temperature increases until the
temperature of the maximum decomposition rate (T,,;,=619 K (346 °C)),
where the discrepancy reaches the lowest value in all the three cases.
After that, the discrepancy bounces back and increases with tempera-
ture. This suggests that as the temperature gets close to T, the
discrepancy is smaller and the more reliable is the approximation. In
terms of the different approximations, the discrepancy of the approxi-
mation in Eq. (10) is very close to that in Eq. (11), both at <2 %, and

80
=] .
£ 701 NICY (b)
g =00 1
< 2 50 - 5 °C/min
230 40 1 10 °C/min
SRS . 20 °C/min
s o 30 1 ——50 °C/min
8 520 A
= [ .
g7 109
: O "' T T Iy T T T T T T ' IV T
e

0 100 200 300 400 500 600 700
Temperature (°C)

Fig. 3. Dependence of the TGA instantaneous heating rate (') on tempearture for (a) the natural cotton yarn (NCY) and (b) the mercerized cotton yarn (MCY), where

the legends represnt target heating rates set on the TGA machine.
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Fig. 4. Discrepancy analysis of the approximations from the exact result based on the first order global method (Egs. (10), (11) and (12)),with the computing
parameters of E, T,, and R to be 200 kJ/mol, 619 K (346 °C) and 8.314 J/(K.mol), respectively.

they are significantly smaller than that in Eq. (12) which could be large
as 300 %. In order to decrease the discrepancy of the approximations of
the FOG method, and to improve the reliability and applicability, the
temperature ranges applied to the integrations shown in Egs. (13), (14)
and (15) need to be narrowed down to the temperature at the maximum
decomposition rate, Tp,.

Therefore, the FOG method needs to be modified to overcome the
large discrepancy caused by the wide temperature range. Here we
develop a modified FOG method to get the pyrolysis activation energy
by gradually narrowing the temperature range centred at T, which can
be confirmed from the DTG plots in Fig. 2, for InT, T and 1 methods. A
series of temperature ranges are adopted in the approximations to
calculate the pyrolysis activation energy with the method introduced
earlier, for each sample at each target heating rate, and the dependence
of pyrolysis activation energy as a function of the temperature range can
be obtained, after which the tendency is used for further analysis. A
practical example of how to get the pyrolysis activation energy for NCY
at the heating rate of 50 °C/min is shown in Fig. 5. The pyrolysis acti-
vation energy can be obtained as follows. To begin, a series of temper-
ature ranges for the integration of each of the three equations, Egs. (13),
(14) and (15), are chosen to be =10 %, £ 5 %, + 3 % and & 1 % of Tj,.
Then, in order to get the pyrolysis activation energy from different ap-
proximations, a linear fitting is applied to each plot of In(In(1/y)) vs. the
temperature item, In(T) for Eq. (13), T for Eq. (14) and 1000/T for Eq.
(15), for every temperature range, see the doted lines in Fig. 5; the
gradient of each line can be measured with the LINEST regression
function in EXCEL.

Recall the method introduced in Section 2.6, the pyrolysis activation
energies associated with temperature ranges and approximations are
calculated with the equations below:

Er = (G;nT - 1) X RT,, (20)

Ej =Gy x RT 21
Ejy= =G xR (22)

where Gf,,T, Grand G} ,r measure the gradients of the straight lines ac-
cording to Egs. (13), (14) and (15) respectively, and correspondingly
Elny, E and E4 /7 represent the pyrolysis activation energies; the super-
script i means one of the temperature ranges of £10 %, +5 %, +3 % and
+1 %. The dependence of the pyrolysis activation energy as a function of
the temperature range at different target heating rates is shown in Fig. 6.
These results indicate that the pyrolysis activation energy increased as
the temperature range decreased, e.g. for the NCY, it increased from
119.0 + 0.5 kJ/mol to 143.0 £ 0.1 kJ/mol when the temperature range
decreased from +10 % to +1 % at the target heating rate of 5 °C/min
(the dataset in orange in Fig. 6 (a)). Recall, the difference between the
approximation and the exact result decreases as the temperature range
decreases, see Fig. 4. Therefore, we develop a method to determine the
pyrolysis activation energy when the temperature range tends to zero,
and hereafter it is called the intrinsic pyrolysis activation energy ([E]),
as follows. First, by examination, the quadratic equation was found to
adequately match the dependence of pyrolysis activation energy as a
function of temperature range with the determination coefficient
R%>0.99, shown in Fig. 6; by extrapolating the temperature range to
zero, at which the difference between the approximation and exact
result is minimised, corresponding to the lowest points of Fig. 4, the
intrinsic pyrolysis activation energy was confirmed to be the constant
item of the quadratic fitting line, using the advanced LINEST regression
function in EXCEL.

The results in Fig. 6 are further tabulated in Table S1, indicating that
there is not much difference in the intrinsic pyrolysis activation energy
among the three approximations when the measurement was conducted
under the same target heating rate (§,), giving an average intrinsic
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Fig. 5. Plots of In(In(1/y)) as a function of In(T) within the temperature ranges of (a) & 10 %, (b) & 5 %, (c) + 3 % and (d) + 1 % of the temperature of the maximum
decompsition speed (T,,), based on Eq. (13); In(In(1/y)) as a function of T within the temperature ranges of (e) + 10 %, (f) £ 5 %, (g) + 3 % and (h) + 1 % of the T,
based on Eq. (14); In(In(1/y)) as a function of T within the temperature ranges of (i) + 10 %, (j) + 5 %, (k) + 3 % and (1) & 1 % of the T},, based on Eq. (15), and all
the data are for the natural cotton yarn measured with the target heating rate of 50 °C/min.

pyrolysis activation energy, [E,], to be confirmed for each . An inde-

pendence of [Eg ] on S is found on both the NCY and the MCY samples,

and the former has a lower [Ej,] than the later at each g,

To further analyse the dependence of [Ej ] on samples and heating
rates f3, the plot of [E;] against f; for both the cotton samples is pro-

duced and is shown in Fig. 7. For the NCY sample, the [Ej | obtained at
different j3; are very close to each other, suggesting its independence of j;
and giving a mean value of the average intrinsic pyrolysis activation
energy, [E]ycy> to be 153 + 2 kJ/mol, see the solid green circles and the
green dash line in Fig. 7. As for the MCY sample, a similar phenomenon

is found that its [Ej, | shows independence of 4, therefore its mean value
of the average intrinsic pyrolysis activation energies was calculated to be
[Elycy=192 £ 7 kJ/mol. This independence of pyrolysis activation en-
ergies on f; proves the applicability and reliability of the modified FOG
method to the samples under the conditions conducted for the TGA
measurements in this study. It is important to note that the intrinsic
pyrolysis activation energy determined in this article is at the temper-
ature of the maximum decomposition speed.

Compared with NCY, MCY has about 23 % higher pyrolysis activa-
tion energy, and this result is consistent with the decomposition tem-
perature analysis result shown in Fig. 2, suggesting the mercerized
cotton is more thermally stable compared to the natural cotton. The
pyrolysis activation energies, [E]ycy=153 + 2 kJ/mol for the natural
cotton yarn and [E],,c,=192 + 7 kJ/mol for the mercerized cotton yarn,
compare to the pyrolysis activation energies reported by Morgado, et al.,
at 158 kJ/mol and 187 kJ/mol for untreated cotton linters and
mercerized cotton linters, respectively (Morgado & Frollini, 2011), and
the pyrolysis activation energies of hemicellulose and lignin are re-
ported to be within the ranges from 115 to 144 kJ/mol and from 23 to

108 kJ/mol, respectively (Zhu & Zhong, 2020). The higher pyrolysis
activation energy and decomposition temperature seen in the mercer-
ized cotton sample is likely due to the existing cellulose II with higher
thermostability, found in the MCY. But further analysis of carbohydrate
composition and molecular weight is needed, and therefore is discussed
later.

3.4. Understanding the difference in pyrolysis activation energy between
the two cotton samples

In order to investigate the reasons for the different pyrolysis acti-
vation energies found from the two samples, carbohydrate composition
analysis and the MALLS/RI measurement for the molecular weight are
conducted, and their results are shown in Table 3; the molecular weight
distribution is shown in Fig. S1. Part of these analysis results have been
reported in our preceding paper (Liang et al., 2022).

As shown in Table 3, the lignin content in the NCY, at 1.29 %, was
slightly higher than that in the MCY, at 1.04 %. Carbohydrate compo-
sition resultants of hemicellulose were detected in the NCY sample,
while they were not detectable in the MCY sample, which means the
mercerization process removed some lignin and all/most the hemi-
celluloses from the cotton samples. These results in combination with
the results from the WAXD spectra in Fig. 1 indicate the effect of the
mercerization process.

As for the molecular weights including My, M,y and MWD, the NCY
sample is about 2.5 times higher than the MCY sample in the molecular
weights, and also shows a slightly larger dispersity, see Table 3 and
Fig. S1. This is likely due to the fact that the mercerization process de-
grades the cellulose molecules and reduces the low molecular weight
carbohydrate polymers, i.e. the hemicellulose, which is consistent with
the results of carbohydrate composition analysis showing no detectable
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Fig. 6. Pyrolysis activation energy dependence of temperature range applied to the integration, where (a)-(d) are for the natural cotton yarn (NCY) measured at the
target heating rate of 5, 10, 20 and 50 °C/min respectively, and (e)-(h) are for the mercerized cotton yarn (MCY) measured at different target heating rates of 5, 10,
20 and 50 °C/min, respectively. The dot lines are quadratic fitting results with R*>0.99.
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Table 3

Comparison of the natural cotton yarn and the mercerized cotton yarn in car-
bohydrate composition, including lignin and hemicellulose, and molecular
weight. Table taken and adapted from the paper of Liang et al. (Liang et al.,
2022).

Property NCY MCY

Lignin content of dry samples (%) 1.29 1.04
Arabinose (mg/g) 3.94 null
Rhamnose (mg/g) 1.23 null

Xylose (mg/g) 2.08 null
Galacturonic acid (mg/g) 6.73 null
Mannose (mg/g) null null
Galactose (mg/g) 2.72 null
Glucose (mg/g) 156.69 142.95

M, (kDa) 653 + 18 252+ 5
M,, (kDa) 1069 + 19 385+ 4
Polydispersity [My/Mp] 1.64 + 0.07 1.53 £ 0.02
Reg (umol/g) 1.53 + 0.04 3.98 + 0.09

NB: the glucose contents in the table are from the hemicellulose in our samples,
as reported by Sundberg et al.

hemicellulose in the MCY sample. It could also be due to the different
plant source for the raw cotton before it was mercerized.

In combination with the carbohydrate-compositional analysis and
XRD results, the reasons for the difference in pyrolysis activation energy
between NCY and MCY are hypothesized. The existence of hemicellu-
lose, with lower pyrolysis activation energy than cellulose, in the NCY
sample shifted the apparent pyrolysis activation energy to a lower value;
and the thermal stability of cellulose II existing in MCY is higher than
that of cellulose I, the only cellulose crystalline structure in NCY. Be-
sides, even though the molecular weight of NCY is higher than that of
MCY, the thermal stability of NCY is worse than that of MCY, with lower
decomposition temperature and pyrolysis activation energy, suggesting
that the molecular weight plays a more minor role in the thermal sta-
bility of cellulose-base materials, while the carbohydrate composition
and crystalline structure dominate, when non-cellulose lignocellulose
materials existing, i.e. hemicellulose and lignin.

4. Conclusions

The pyrolysis kinetics of the cellulose-based materials, the natural
cotton yarn and the mercerized cotton yarn, have been successfully
investigated via TGA. In addition to help understand and interpret the
results, X-ray scattering, chemical composition analysis and MALLS/RI
are implemented to explore the other comparative properties, i.e. the
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crystalline structure, contents of hemicellulose and lignin, and molec-
ular weight, respectively. The examination of the instantaneous actual
heating rate showed a large discrepancy from the target heating rate,
indicating that the FOG method could be more suitable than those iso-
conventional methods, as the later relies on the instantaneous actual
heating rate, by contrast the former is more average heating rate
dependant. Three approximations were applied to the FOG method, of
which the discrepancy from the origin formula is found to be improved
with the decrease of the integral temperature range. The decomposition
temperature was found dependent of the applied heating rate, and the
intrinsic decomposition temperature, at heating rate of 0 °C/min, was
determined to be 317 + 3 °C of NCY and 346 + 6 °C of MCY. On the
contrary, the pyrolysis activation energy is found to be independent of
the heating rate, giving average values of 153 + 2 kJ/mol and 192 + 7
kJ/mol for NCY and MCY, respectively, which is in line with the liter-
ature (Morgado & Frollini, 2011). The higher thermal stability of the
MCY than NCY is hypothesized to be because the existence of hemicel-
lulose in the NCY lowers the decomposition temperature and the py-
rolysis activation energy, and the cellulose II, with higher thermal
stability than cellulose I, exists in MCY. The findings, i.e. the modified
FOG method can provide a new approach in the investigation on py-
rolysis kinetics of biomass and help understand the factors impacting the
pyrolytic behaviour of other cellulose-based materials.
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