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Abstract

In the present work, pyrolysis kinetic mechanism was studied for regenerated cellulosic fiber (RCF) and composite RCF
containing silicon/nitrogen flame retardants. Limited oxygen index and microscale combustion calorimeter tests show that
the loading of nitrogen/silicon into the RCF enhanced flame retardancy. The kinetic triplets of the two kinds of samples
were determined by applying iso-conversional methods and integral master plots approach. Compared to the untreated RCF,
flame retardant (FR) treated RCF shows enhanced activation energy due to the physical barrier layer due to dehydration of
silicate and charring effect resulting from organic—inorganic interaction. Exponential nucleation model can be successful in
describing experimental results for RCF in higher conversion degree (0.4-0.9). Simultaneously, the degradation process of
FR treated RCF in the main pyrolysis stage (0.2-0.7) is consistent with kinetics of nuclei growth and could be described by

one-step reaction whose rate presented an Avrami—Erofeev-type model (n=2.38).

Keywords Cellulose fiber - Flame retardant - Kinetic - Thermogravimetric analysis (TGA)

Introduction

Regenerated or artificial cellulosic fibers are manufactured
from wood or non-wood biomass pulp [1]. The most widely
used regenerated cellulose fibers are fabricated via viscose-
rayon procedure though recently many attempts have been
made to develop new environmentally friendly solvents to
directly dissolve cellulose [2, 3]. Cellulose textile including
natural and artificial material has been involved in the daily
life as clothing, furniture, and industrial products due to their
numerous advantages such as low cost, hydrophilicity, excel-
lent air permeability, and so on [4].

The degradation of cellulose fibers has been studied
extensively investigated by many researchers during the
last decade. They had made an agreement that the pyroly-
sis process involves two consecutive reactions: dewatering
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and formation of an hydrocellulose at lower temperature
(200-280 °C), producing gases and solid residues, and
the rapid volatilization of cellulose at higher temperature
(280-340 °C) via the formation of Laevoglucosan which
will decompose by secondary reaction to low molecular
mass products [4—6]. Mathematical modeling of biomass
conversion processes and fire clothing protection field can
be strongly influenced by which kinetic assumed, so cel-
lulose pyrolytic models have also been intensively surveyed
and visited by a great many investigators. However, due to
its complex reaction process, the issue on pyrolysis kinetic
models of cellulose is still under debate and no actual con-
sensus is arrived. So far, many related kinetic models have
been established to understand the decomposition process
of cellulosic materials and they differ from the experimen-
tal conditions. These models were classified into multi-
step kinetic process [7—10], simple first- or nth-order rate
expression [11-13] and auto-accelerated reaction process
[14, 15]. Among these models, the empirical Broido-Schafi-
zadeh model has been widely accepted to describe cellulose
pyrolysis kinetics in terms of two parallel (competing) reac-
tions preceded by an initiation step [16]. Recently, a chain
scission-driven mechanism has been proposed by Criado
et al. [17, 18] to describe the kinetic reaction mechanism
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for cellulose degradation. The developed model involving
chain scission and volatilization of fragments made no any
previous assumption regarding the reaction kinetic mecha-
nism and using a methodology that does not require the use
of complex fitting procedure.

Unfortunately, cellulosic fiber exhibits a low limiting
oxygen index, ease of ignition, and high flammability [19].
Moreover, the demands for flame retardant cellulosic tex-
tile fabrics used in curtains, upholstery, working clothing,
firefighter suits, etc., have a steady growth for the past dec-
ades, since numerous injuries and fatalities are caused by
fire accidents. Therefore, improvements in flame retardancy
of the cellulose fabrics have become one of the important
topics. At present, flame retardants, based on halogen, nitro-
gen, phosphorus, metal oxides, and inorganic compounds in
different combinations were widely utilized to impart flame
retardancy to cellulosic materials or fabrics [19-24]. Many
studies are available in the literature on the thermal degrada-
tion behavior of FR treated cellulosic materials. For exam-
ple, Price et al. [25] proposed a revised model to describe
FR cotton material pyrolysis characterized by three stages
including stage I (300—400 °C) comprising two competing
pathways, stage II (400-800 °C) with aliphatic char convert-
ing to an aromatic form, and Stage III (above 800) with char
or hydrocarbon further oxidation. Their studies were based
on extensive works of a set of commercially flame-retarded
cotton (cellulose) fabrics containing condense phosphorus
compounds (Amgar TR, Proban CC, Pyrovatex CP) and
vapor phase active flame retardants (Amguard CD, Flacavon
H14/587) using a range of thermal analysis and FR experi-
mental techniques. Also, the analysis of thermal degradation
for FR cellulosic textile imparting by metal oxides (TiO,,
Zn0O) showed that similar TG/DTG shapes were observed
for both samples and decomposition temperature of the
treated sample was lower than that of the control sample
[26, 27]. As for activation energy, different conclusions were
obtained. For instance, Dahiya and Kumar [28] found that
activation energy of coated cellulosic fabric with intumes-
cent was lower than that of uncoated sample, and this value
further declined on inclusion of metal ions in intumescent
formulation. In another case, Gann and Sun concluded that
phosphorus FR sample showed increased activation energy
of decomposition compared to untreated samples [29]. Aim-
ing at a qualitative understanding in such a variation requires
further kinetic analysis of untreated and FR treated cellulosic
materials.

To our knowledge, a very limited study on comparisons
of pyrolysis kinetic mechanism for non-FR RCFs and FR
treated ones based on non-isothermal analysis can be found.
This will inhibit the development of new flame retardants for
cellulosic materials. Thus, in this work, the flame retardancy
and morphology of RCFs was first investigated by different
testing approaches including limiting oxygen index (LOI),
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TGA, MCC, FTIR, and SEM (EDS). Then, The kinetics of
cellulose fiber and its FR hybrid, as well as the activation
energies, have been investigated by a combined iso-conver-
sional analysis and master plots procedure at 5, 10, 15, 20,
and 25 °C min~! heating rates. A pyrolysis mechanism of FR
treated RCF was proposed based on the master plot results.

Materials and methods
Materials

In the present study, non-flame-retarded cellulose fiber—
viscose fiber and flame-retarded treated viscose fiber were
selected to investigate the thermal kinetics under nitrogen
atmosphere. Cellulose fiber (viscose fibers) was purchased
from Bailu Chemical Fiber Co. Ltd (Xinxiang China). Sili-
con FR treated cellulose fibers were supplied by silicon-
nitrogen organic

FR treated cellulose fiber (1.5D X 38 mm) was obtained
from SOL Flame Retardant Fiber Co. Ltd (Beijing, China).
The FR cellulosic fiber was prepared by wet-spinning of
regenerated cellulose by adding organosilane hydrolysis dis-
persion solution into the mucocollagen. The FR chemicals
are composed of alkalimetal silicate and amide compounds.
The add-on amount of FR chemicals is around 20% mass of
cellulose in the coagulation bath consisting of sulfuric acid,
zinc sulfate, and aluminum sulfate. These sulfates take their
advantages of neutralizing the basicity of sodium silicate.
Simultaneously, the acidic environment can promote the
thermal degradation of cellulose and accelerate the forma-
tion of a carbon layer. The spinned fiber was further fixing
crossed by crossing linker containing aluminum ion, calcium
ion.

Experimental method

The LOI was measured by using LOI tester (COL, Motis
Fire Technology Co Ltd., China). The flammability of cel-
lulosic fiber was evaluated by MCC tests, which were con-
ducted using a FTT0001 microscale combustion calorimeter.
The sample, approximately 5 mg, was heated from 125 to
740 °C using a constant heating rate (1 K s7!) in a mixture
stream of nitrogen flowing at 80 cm® min~! flow rate and
oxygen flowing at 20 cm> min~!. Non-FR and FR RCFs and
their MCC degradation residues in the form of KBr disks
were analyzed by Fourier transform infrared (FTIR) spec-
troscopy using a FTIR spectrometer (Tensor37, Bruker,DE).
An average number of 32 scans were taken for each sam-
ple with a resolution of 4 cm~!. The used wave range is
4000—400 cm™'. An FE-SEM Quanta 250FEG (FEI) scan-
ning electron microscopes (SEM) was used for observation
of the surface morphology of fiber samples. Determination
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of the presence of silicon and other elements in the internal
structure of the residual char layer was analyzed by using
EDAX energy-dispersive spectroscopy (EDS).

Kinetic theory

Thermogravimetric analyzer (TGA) is an important
approach to investigate the thermodynamic change process
of biopolymer during combustion, gasification, and pyrolysis
processes. Due to the complicated chemical pathways and
possible intermediates, pyrolysis of cellulose material is a
complex process. A full kinetic analysis of the complex sys-
tem is generally not feasible. However, an overall pyrolysis
reaction mechanism is still needed. The primary pyrolysis is
represented by the following reaction equation [30]:

cellulose (Solid) — volatile (gases + tar) + Char (solid residue)

The rate of conversion da/dr from solid state to the vola-
tile product can be described by the following reaction

da

— =k(D)f(a) (1
where

_ (m; —m,)
a= —<mi ") 2

In Eq. (2), fla) is a mechanism model as respects of the
conversion degree a. m;, m, and m_, are the initial sample
mass, the sample mass at time t, and the final sample mass
remaining at the end of pyrolysis process, respectively.
The temperature-dependent reaction rate constant k(7) is
expressed by Arrhenius equation as

k(T) = Aexp (—E,/RT) 3)

where A is the pre-exponential factor, E, is the activation
energy of the reaction, and R is the universal gas constant.
Equation (4) is obtained by combining Eq. (1) with Eq. (2)
da
i Aexp (=E,/RT)f(a) )
When the sample is heated to a certain temperature at a
constant heating rate f = dT'/d¢t, Eq. (4) can be rearranged
into the following integral form

o) e

The parameter activation energy (E,), pre-exponential
factor (A), and kinetic model function f(a) are known as
kinetic triplets.

gla) =

f() ﬁ

Model-free method

Many mathematical models based on the thermogravi-
metric (TG) data have been applied to describe pyro-
lytic decomposition mechanism and to determine related
kinetic parameters of pyrolysis process, such as activation
energy and pre-exponential factor. In general, two types of
approaches, iso-conversional (model-free) and model-fit-
ting methods, are employed to evaluate the kinetic param-
eters during biomass pyrolysis [31]. Model-free methods
are iso-conversional methods where the activation energy
is a function of the conversion degree. These methods are
more reliable than model-fitting methods in evaluating
kinetic parameters because they can be utilized without
making any assumptions about the reaction function and
reaction order. In this work, iso-conversional Kissinger
Akabhira and Sunose (KAS), Flynn—-Wall-Ozawa (FWO),
and Starink models which are widely applied for biomass
thermal degradation.

Starink examined two the above notable iso-conver-
sional methods and found out that they have the same char-
acteristics of determination of activation energy based on
the slope of the logarithmic function containing heat rate
p against 1/T for each value of a. The Starink equation
is very accurate, and hence it is recommendable for use
according to ICTAC [32]. These pyrolysis kinetics used to
determine activation energies for each conversion ratio are
summarized in Table 1.

Integral master plots method

Additionally, the integral form of Eq. (5) can be expressed
by a master plot method [38]

AE,
g(@) = == [Pw) = P(uy)] (10)
where P(u) is temperature integral and
P(u) = [ —(e"/u?)du, u=E,/RT has no exact analytical

solution and can be described by

exp (—1.0008u — 0.312)
P(u) = 5 an

In general, the pyrolysis rate at ambient temperature 7,
is much slower than that the decomposition temperature
at the maximum pyrolysis temperature T,,,,. Therefore,
the value of P(u,) can be ignored and Eq. (10) can be
integrated as follows:

AE
—P(u) (12)

gla) = R
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Table 1 Applicq eXpreSSiOnS of Method Expression Plots References
iso-models for kinetic study
Kissinger In (%) —In (A_R) _ B In (%) [33]
T3 E, RTn  (6) T3/ versus 1/T
Kissinger In (%) _ ln( AE, ) _E In (g) [33, 34]
Akahira and T Rg(@) RT (7) T Jversus 1/T
Sunose (KAS)
Flynn—-Wall- lo —lo (_) 231504567 5 log () versus 1/T [35, 36]
Ozawa (FWO) e(h) ¢ ’ ’ RT  (8)
Starink ( i ) _ E, ( B ) [37]
In(-% )= st. — 1. - In( =
N\ 75 Cons 0008 7% ) versus T

RT (9)

It is assumed that the pyrolysis reaction occurs in a
single-zone process, and the kinetic parameters are con-
stant. Using a reference at point a=0.5, Eq. (11) would
be rewritten as

AE,
P(0.5)

8(0.5) = R

13)
where g(0.5) is the integral function at a=0.5;
uys=E,/RT,s; T, s is the temperature at =0.5. By divid-
ing Eq. (12) by Eq. (13), the following master plots formula
can be given

gl@) _ P
8(0.5)  P(uys)

(14)

Plotting g(a)/g(0.5) versus a yields the corresponding
theoretical master plots from various, most frequently used

g(a) functions (Table 2). The experimental master plots can
be calculated through describing P(u)/P(u, 5) against a from
experimental data at different heating rates. Equation (12)
elaborates that a suitable model can be identified as the best
match between the experimental values of P(u)/P(u, 5) and
theoretical master plots of g(a)/g(0.5).

Results and discussion
Thermal degradation process

The differences in the thermal degradation behavior of
a neat viscose fiber and FR treated one were studied by
TGA. Figure 1 shows the mass loss and the rate of mass
loss profiles of two samples in N, under linear heating
rate conditions (10 °C min~'). As shown in the figure,

Table 2 Most frequently used
reaction mechanism functions
of solid-state processes
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Reaction mechanism fa) g(a)
Diffusion models
One-dimensional diffusion (D1) 0.5a a?

Two-dimensional diffusion (D2) (Valensi model)
Three-dimensional diffusion (D3) (Jander model)
Three-dimensional diffusion (D4) (Ginstling model)
Exponential nucleation

Power law (P2)

Power law (P3)

Power law(P4)

Random nucleation and nuclei growth
Avrami—Erofeev (A2)

Avrami-Erofeev (A3)

Avrami—Erofeev (A4)

Order of reaction

First-order (F1)

Second-order (F2)

Third-order (F3)

Geometrical contraction models

Contracting cylinder (R2)

Contracting sphere (R3)

[—In(1-a)]™"
32(1—a)? 1= (1—a)'P1!
32[(1—a) =177

2a]/2
3a2/3

4, a3/4

2(1 —a)[—In(1 — )]
3(1—a)[—In(1 —a)]??
41 =)[-In(1 —a)?*

l—-a
(1-a)?
(1-a)

2(1-)'?
2(1 - a)2/3

a+(l—a)n(l—-a)
[1-1-a)"P
1-2Ba—-(1-a)??

[~In(1-a)]"?
[~In(1 -a)]"?
[=In(1 —a)]"

—In(l—a)
(l1-a) =1
[(A=a)2=11/2

1 _(] _a)]/Z
1-(1-a)'”
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Fig.1 TG and DTG graph of non-FR and FR treated RCF at
10 °C min~! heating rate

the pyrolysis of untreated RCF takes place in three steps:
initial, main and char decomposition. The first step occur-
ring below 260 °C was due to the moisture desorption and
highly volatile matters in the samples. The main pyrolysis
was observed in the temperature range of 260-380 °C. At
this stage, a drastic 72% mass loss occurs with 120 °C
temperature increment, which may be was associated with
volatilization resulting in the formation of levoglucosan,
and levoglucosan decomposed further to low molecu-
lar mass products. The third stage is the char pyrolysis
occurred at temperature above 380 °C. Most of the mass
residue (15.8%) is observed up to 380 °C when compared
to the maximum mass residue (10.6%) which is acquired
at an 800 °C. This illustrates that no more mass conversion
reactions take place at temperatures higher than 380 °C. In
this process, dewatering and charring reactions compete
with the production of levoglucosan, but the charring reac-
tions is in a dominant position.

The TG/DTG curves for the FR samples take similar
shapes as those of untreated RCF and three regions could
be also observed. At about 85 °C (moisture desorption at this
stage), the remaining mass of FR treated fibers is slightly
lower than that of untreated samples, which indicates a little
better moisture absorption performance of untreated RCF.
It can be noticed that the onset of degradation of the FR
composite fiber was advanced to a lower temperature. Also
from Table 3, the maximum decomposition temperature
(308 °C) of FR treated sample is about 24.5 °C lower than
that (332.5 °C) of the untreated RCF. This can be explained
by two facts. The first fact is that a small amount of sulfates
remain in the RCF produce an acidic environment and accel-
erate the thermal degradation of cellulose fiber [39]. The
other is that the first decomposition of amide compounds
releasing gas also causes a decrease in the pyrolysis temper-
ature. On the other hand, inorganic silica incorporated into
cellulose fiber could significantly delay the initial decompo-
sition temperature because silica coating acted as physical
barrier that hindered thermal energy transfer between the
gas and solid phase [22]. But the values of derivative for FR
samples are lower than those of untreated cellulose hybrids
which elucidating clearly that the addition of sodium silicate
can slow down the rate of degradation of cellulose fibers
and further prevent the polymeric structure from degrading.
Overall, the entire thermal decomposition process of non-FR
treated cellulosic materials is later than that of FR treated
cellulosic ones. This indicates that the thermal stability of
the cellulose fibers with silicon/nitrogen components has not
been improved as compared to the untreated fibers in terms
of thermal degradation analysis experiments. By contrast,
other flame retardants such as zinc ion can effectively pro-
mote thermal stability of cellulose materials when appropri-
ate contents were contained [27].

The initial decomposition temperature 7;,; at the mass
loss of 10% and maximum mass loss temperature 7, at five

Table 3 Characteristic temperature data for degradation and Kissinger kinetic parameters untreated and FR treated RCF

Sample Heating T, (mass loss  Tm (peak Char remains at  Kissinger method
rate/°C min™! at 10%)/°C DTG)/°C 500 °C (%) — - — -
Activation Pre-exponential Adj. R coefficient
energy/kJ mol™!  factor/s™!
Untreated RCF 5 264.5 322.0 12.49 162.17 5.04%10'" 0.9741
10 275.0 3325 12.24
15 283.5 339.0 12.49
20 281.0 348.0 10.64
25 292.5 349.0 11.66
FR treated RCF 5 254.5 299.5 39.01 278.59 1.33x10% 0.9562
10 259.5 308.0 39.40
15 252.5 309.0 38.75
20 254.0 313.5 37.49
25 260.5 315.0 37.57
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Fig.2 Evolution of conversion a with temperature 7 for various heat-
ing rates (a untreated RCF; b FR treated RCF)

heating rates are summarized in Table 3. As the heating rate
increased, Table 3 shows that there were lateral shifts to
higher temperature for 7},,. These shifts are also illustrated in
Fig. 2. An increase in the heating rate of the sample caused
displacement of pyrolysis conversion a to higher temper-
ature. As the temperature continues to increase from 380
to 800 °C, a significantly large amount of solid residues is
produced from cellulose-nitride/silicon fibers. On the other
hand, the FR treated fiber has a 36.61% by mass of char
residue at the temperature of 800 °C, indicating a signifi-
cant increase in char formation at 800 °C compared to the
referred neat cellulose sample (10.58%). In principle, the
charring residues can insulate the surface acting as a barrier
to the release of heat and volatile compounds to prevent
further decomposition, so the amount of char residue formed
in the thermal degradation provides quantitative information
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on the flame retardant performance of a biopolymer [40].
An enhanced char formation over this temperature region
corresponds to better flame retardant capacity. The nitrogen
and silicon containing fire retardant induces the dehydra-
tion of the FR fibers and generates the compact and stable
char. Obviously, the TG result shows that cellulose fiber con-
taining nitrogen and silicon exhibited excellent efficiency
in flame retardancy compared to the fiber without flame
retardants.

Flame retardant and combustion properties
of cellulose fibers

The LOI method was applied to evaluate the ignition and
flame retardant behavior of a sample. The approach is also
a quantitative and qualitative technique with wide spread
use in both academic research and industry. The LOI val-
ues of the non-FR and FR RCFs are 19.5 and 28.5, respec-
tively. In general, fiber materials can be regarded as be
flame retardant when LOI values is higher than 26. So, the
FR chemicals including nitrogen and silicon impart flame
retardancy for RCF. As we known, MCC is evaluated as a
screening test for efficacy of flame retardant in polymers
from just a few milligrams of specimen. The related flam-
mability parameters provided by a single MCC experi-
ment include heat release rate (HRR), heat release capacity
(HRC), total heat release (THR), peak heat release rate
(pPHRR), and temperature at pHRR (7}yrg)- Table 4 shows

Table 4 Combustion data recorder in MCC experiments

Samples pHRR/W g~! HRC/J ¢! K™ T,;z/°C THR/KJ g™

Non-FR RCF 177.6 180
FR RCF 105.7 108

341.4 10.5
313.0 59

200
180
160 4
140 ]

Non-FR RCF

— FRRCF

-

N

o
1

100
80 4
60 -
40 ]
20 ]

04
_20_"

Heat release rate/W g

— .
150 200 250 300 350 400 450 500 550 600 650 700
Temperature/°C

Fig.3 Heat release curves of FR and non-FR treated RCF
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pHRR, HRC, THR ,and T,y of the FR and non-FR cel-
lulosic fibers conducted by MCC tests. Figure 3 shows
the heat release rate (HRR) curves of the fibers as a func-
tion of the heating temperature. It is observed from the
figure that the thermal decomposition of the non-FR RCF
started at approximately 295 °C. The decomposition, as
indicated by ascending HRR, augmented as the tempera-
ture increased. It reaches to maximum at 341.4 °C with
HRR at 177.6 W g~! (pHRR). Compared to the non-FR
fiber, significant changes in the MCC parameters when the
fiber were treated by FR silicon elements. The pHRR and
THR of the FR sample decrease to 105.7 W g=! (40.5%
reduction) and 5.9 kJ g~! (43.8% reduction). This implies
peak temperature 7 ygg shifted from 341.4 to 313.0 °C.
Moreover, the initial decomposed temperature is ahead
to about 247 °C. The pyrolysis temperature values also
support the results of the TG experiments. It can be said
that the presence of sodium silicate reduces the pyrolysis
temperature and effectively improves the flame retardancy
of RCFs. Like TG analysis, this advanced phenomenon of
pyrolyzed temperature is attributed to the first decomposi-
tion of sodium silicates. In addition, a glassy layer, which
forms due to dehydration of sodium silicate on the surface
of the combustion fiber, will prevent oxygen from being
diffused into the flammable matrices [41].

FTIR spectroscopy

FTIR spectroscopy has been used as a simple technique
for acquiring rapid information about the change of sur-
face composition of fiber after thermal degradation and
FR treatment. For the neat RCF, the spectra can be sepa-
rated into two regions: the O-H and C-H stretching vibra-
tions in the 4000-2700 cm™', and the “fingerprint” region,
which is related to different stretching vibration of different
groups in the 1800-500 cm™' region [42]. But the spectra
of 700 °C residue show that decomposition of glycopyra-
nose ring is elucidated by the disappearance of bands at
1600 cm™!(C=C stretching), 1400 cm™! (CH, symmetric
bending), 1370 cm™! (CH bending) and 820 cm™! (out-of-
plane bending of C—H vibration). The feature at 2300 cm™"
is related to O-H stretching [43]. As was observed from
silicate FR cellulose fiber, the peak caused by O-H stretch-
ing vibration at 3400 cm™' is considerably reduced. The dif-
ferences between the FTIR spectra of FR RCF and non-FR
RCEF reveal a decrease in the hydroxyl group content due to
reaction between —OH and silicate [44]. Compared to non-
FR RCF, FR RCF possesses stronger band intensities around
1000-600 cm™'. The presence of the silicate results in the
Si—0-Si bending mode adsorption at 810 cm™! which is
overlapped with out-of-plane C—H bending vibration [45]
(Fig. 4).

2.2 1
2.0 1
Non-FR RCF
1.8 1 Residue non-FR RCF
16 —— FRRCF
Residue FR RCF

1.4
1.2
1.0

Absorbance

0.8
0.6
0.4
0.2+
0.0

T - T 17 T T T T 1
500 1000 1500 2000 2500 3000 3500 4000
Wavenumber/cm™"

Fig.4 FTIR spectra of cellulosic fibers: a non-FR RCF, b residue
non-FR RCF, ¢ FR RCF, d residue FR RCF

SEM images of RCFs and their char residues

SEM analysis was used to characterize any changes in the sur-
face morphology of fiber. Representative SEM micrographs,
taken at the magnification of 5000 of non-FR and FR RCFs,
are shown in Fig. 5. The SEM images of their residues are
also illustrated in Fig. 5c and d. As can be seen from the SEM
images, there are parallel grooves and cracks that run along-
side the fiber axis for both two kinds of cellulosic fibers. This
is because the fiber volume shrinking reduces and folds form
on the surface of fiber due to the internal moisture removal of
fine flow after the film layer formed by viscose fine flow. By
comparison, the surface morphology of flame retardant cot-
ton fiber is coarser, which is due to the crosslinking reaction
between crosslinker and the fiber as described in the Materials
section. An examination of the microstructures of the residue
of treated and untreated fiber shows that the surface of non-FR
sample is relatively flat smooth compared with the figure of FR
sample. Residual char of FR sample has loose, typical residue
microstructure, and the reason may be amide compounds as
gas source decomposes and releases gas which finally formed
a loose structure [46]. EDS measurement results (Fig. Se and
f) indicate that the char residue of FR RCF consists of a large
amount of Si element (mass 5.06%), which is only mass 0.23%
for non-FR RCEF. Silicon elements in non-FR RCF may come
from silicon oil in the softening finishing process. In addition,
the sodium (Na), the aluminum (Al), and the calcium (Ca)
were detected in the residue of FR RCF.

@ Springer
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Kinetics
Kinetic parameters estimation

The results from TGA of the untreated and FR treated RCF
at five heating rates (5, 10, 15, 20, and 25 °C min_l) can
be used to determine the kinetic parameters like activa-
tion energy and pre-exponential factor by using model-free
methods. The drying behavior of fiber will be investigated in
the further work by thermogravimetric analysis under non-
isothermal condition. Moreover, the termination of solid-
state reactions is unstable. Therefore, the conversion range
of 0.2-0.9 with an increment of 0.1 under each heating rate
was used for kinetic analysis in this study. Little correlation
was observed for valuations of conversion below 0.2 and
above 0.8.

According to Eq. (6), the Kissinger method was first
employed to calculate kinetic parameters by plotting In(f/T,)
versus 1/T, and the plots are shown in Fig. 6. The peak tem-
perature (7)) obtained from the DTG data and the kinetic
parameters for sample pyrolysis are tabulated in Table 3.
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T,, increased with the increase in heating rate. The slope
of the plots yielded activation energies of 162.17 kJ mol™!
for untreated cellulose sample and 278.59 kJ mol~! for FR
treated one. This evident discrepancy can be explained by
that the Kissinger method employs only the information
related to the maximum rate of reaction to obtain unique
values for activation energy and pre-exponential factor.

Linear fit plots of various Y-axis functions against 1/7 are
made to determine the activation energy (E,) values using
KAS, FWO, and Starink methods, and graphs are presented
in Fig. 7. Thermal kinetics of the first region which was due
to moisture, and highly volatile matters are not calculated as
the process is related to drying kinetics.

The calculated energies for different conversion values
and the corresponding correlation factors using KAS, FWO,
and Starink models are listed in Table 5. The adjusted corre-
lation coefficients (R?) by the three methods for non-FR fiber
are close to 1 for these mentioned conversions (0.2-0.9).
It is found from Table 5 that these three iso-conversional
methods yield similar values of activation energy for the
untreated and FR treated samples as all of them are integral
methods that are derived from the same general expression.
The average values of activation energy E, of non-FR and
FR fabrics are 171.89 and 195.92 kJ mol~! by KAS method,
173.03 and 195.81 kJ mol~! by FWO method, 172.23 and
196.25 kJ mol~! by Starink method, respectively. The maxi-
mum deviations of average E, values for the two kinds of
fabrics among these three methods are less than 0.7% and
0.3%. These E, values can be acceptable within 2% of the
lower value. The average activation energies of FR treated
RCF are higher than that of non-FR treated calculated data
no matter what iso-conversional method is used to determine
the E, value. It is known that activation energy, which is
used to describe the energy barrier overcome for a chemical
reaction, is regarded as a minimum energy to make a thermal
degradation reaction happen. Higher the activation energy,
slower the pyrolysis reaction. The finding of the higher acti-
vation energy for the considering conversion range of the FR
treated RCF indicates that the energy barrier of the decom-
position of the treated FR RCF is enhanced due to chemical
disposal. The inclusion of nitrogen and silicon compounds
into fibers would improve the thermal stability for cellulose
fibers in terms of the increased apparent activation energy.

There are similar disciplines on activation energies of
other organic chemicals treated cellulosic or lignocellulosic
materials [20, 47]. However, the opposite conclusion that
lower activation energies were presented as a result of inor-
ganic chemical FR treatment in cellulosic or lignocellulosic
materials could be found in the literatures [28, 39, 48, 49].
Though appropriate inorganic ingredients could improve the
flame resistant performance, the thermal stability of inor-
ganic FR cellulose is depressed with the representation of
the decrease in the activation energy [50]. On the contrary,
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Fig.6 Linear plots by the Kissinger method of untreated (a) and FR treated (b) RCF

the increased activation energy of FR samples with organic
nitrogen—silicon elements is related to the charring effect
generated by organic interaction reaction.

The variation in activation energy with progress in con-
version is shown in Fig. 8. It is observed the calculated E,
values varied with conversion points and were shown to be
significantly decreased as conversion increased further for

FR treated cellulose samples. The decrease in activation
energy, especially at the later stage (conversion 0.7-0.9),
indicates the presence of exothermic reactions due to more
char formation (exothermic process) with dewatering and
decarboxylation reaction catalyzed by flame retardants.
Simultaneously, high dependence of activation energy on
conversion also means that pyrolysis of FR treated RCF is
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@ Springer



432

F.L.Zhuetal.

Table 5 E, values calculated from each iso-conversional methods
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Starink model

FWO model

KAS model

Conversion (a)

FR treated Untreated FR treated Untreated FR treated

Untreated

R E, kJ mol~! R E, kJ mol™! R E, kJ mol™! R E, kJ mol™! R? E, kI mol™! R?

E, kJ mol™!

0.9378
0.9746
0.9789
0.9781
0.9699
0.9853
0.9816
0.9902

280.02

0.9950
0.9973
0.9958
0.9991
0.9983
0.9976
0.9951
0.9947

155.18

0.9414
0.9765
0.9806
0.9799
0.9725
0.9867
0.9843
0.9826

274.81

0.9956
0.9976
0.9962
0.9992
0.9984
0.9978
0.9956
0.9952

156.41

0.9377
0.9745
0.9788
0.9780
0.9698
0.9853
0.9815
0.9901

279.74

0.9950
0.9973
0.9958
0.9991
0.9983
0.9976
0.9951
0.9947

154.84

0.2

237.62

170.81

234.72

171.47

177.87

237.32

170.47

0.3

220.28

177.42

218.37

219.99

177.08

04
0.5

219.30

176.13

217.53

176.74

218.98

175.79

206.77

177.56

205.70

178.17

206.44

177.22

0.6
0.7

199.89

176.65

199.26

177.37

199.56

176.30

121.91

172.50

125.34

173.49

121.54
83.78

195.92

172.15

0.8

84.22
196.25

171.60

172.23

90.76

172.76

171.24
171.89

0.9

195.81

173.03
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Fig.8 Activation energies of RCF versus conversion degree by KAS,
FWO and Starink methods

a more complex process involvement of parallel, competi-
tive reactions, and FR components’ interactions. By contrast,
activation energy values only slightly ascended at the early
stage (@ <0.4) and were fairly constant in the remaining con-
version process. As can also be seen from Table 4 and Fig. 5,
the obtained activation energy values from KAS, FWO, and
Starink methods were close to the previously reported values
for neat cellulose materials [51].

Kinetic mechanism

The average activation energy values obtained from Starink
methods were utilized in the integral master plots methods
to find the pyrolysis kinetic models which can describe the
experimental data better. The master plots are independ-
ent of the heating rates, and these experimental points take
similar trends [18]. Hence, the master plots of g(a)/g(0.5)
against a corresponding to the theoretical master plots for
various kinetics models (Table 2) at 10 °C min~' are only
constructed at the heating rate of 10 °C min~" and are illus-
trated in Fig. 9. ICTAC Kinetic committee recommended
that the Starink isoconversion method was suitable to cal-
culate the activation energy accurately. Thus, the E, values
obtained from Starink method would be used in the above
master plots method to find the reaction model.

The experimental master curves of untreated RCF are
well matched with the theoretical exponential nucleation
models (P2, P3, and P4 models). The results obtained from
the comparisons between experimental master plots, and
these theoretical curves indicate that P4 model may be most
suitable equation to characterize the pyrolysis of untreated
samples in the range of conversion 0.4-0.9 (Fig. 9a). But it
is not completely fit with large dispersity appeared at lower
conversion (0.2-0.4). As can be also seen in Fig. 9b, the
experimental curve of FR treated RCF is not well coincided
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Fig.9 Comparison between experimental scatter dots and theoretical
master plots constructed from the kinetic functions with linear heat-
ing rate of 10 °C min™"

with any the theoretical master plot g(a)/g(0.5), whereas it
appears that the experimental plot at 20-70% conversion
showed a sigmoid profile, which is similar with an auto-
accelerated reaction process. Thus, the random nucleation
growth model (Avrami—Erofeev type) may be suitable to
simulate the pyrolysis of FR treated cellulose at the main
pyrolysis stage. According to Fig. 9b, a jump phenomenon
(the experimental plots serious deviation from the A, theo-
retical curves) is found when « is greater than 0.7 and the
FR sample decomposition mechanism may change, which
implies that multistage mechanisms occur until the final con-
version. Accordingly, the pyrolysis kinetic mechanism of the
FR treated RCF should be given in the conversion range of
0.2-0.7 instead of the whole thermal degradation process.
Then, A, function (Table 2) is used to calculate the kinetic

350+

Equation y=a+bx

300 Adj.R-Square 09419
Value | Standard Error

8 Intercept | -3.63371 28.78811
8 Slope 315.24289 3480179

250

P(u)

2004
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—_—
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Fig. 10 Linear plot of [—In(1 ) against P(u)

exponent (n) and pre-exponential factor (A), and the follow-
ing formula can be given based on the Avarmi—Erofeev-type
kinetic equation in the form of [—In(1 — )],

= ﬂp =[-In(l —a)]'/"
80 = ZRP@ = [~ In(1 - @)

After obtaining the primary description on the kinetic
mechanism, a sigmoidal curve fitting to the experimental
data according to the definition function by the first Opt code
with the Levenberg—Marquardt method was found the exact
n value. The pre-exponential factor A value can be calculated
from the slope of linear fitting plot of [—In(1 — a)]""™ against
P(u) (Fig. 10). As a result, the experimental master plots
locate the theoretical master plots A, 54, the pre-exponential
factor A=8.62x 10° at 10 °C min~". Then, the nucleation
growth function g(a)=[—1n(1l —a)] 12238 ¢ould be acquired
for describing pyrolysis of FR RCF in the conversion range
of 0.2-0.7.

Conclusions

Flame retardant properties of FR and non-FR RCF were
evaluated by LOI, TGA, MCC, and FTIR measurements.
These FR analyses show that the RCF with silicon/nitro-
gen components exhibits a different thermal behavior
from that the non-FR cellulosic fiber. It is found that, as
compared with the non-FR RCF, the onset degradation
temperature T;,; and maximum decomposition temperature
T,..x of the FR composite fiber are advanced to a lower
temperature. The phenomenon can also be observed in
the MCC measurements. Kinetics of the non-isothermal
degradation of untreated and FR treated RCF is also ana-
lyzed using iso-conversional kinetic methods at different
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heating rates. The values of the samples have the same
sequence obtained by KAS, FWO, and Starink techniques.
The kinetic results show that the activation energy for deg-
radation of FR treated RCF is much higher than that of
neat RCF, suggesting that FR treatment on a RCF has a
great effect on the decomposition capacity (Characterized
by activation energy) of RCF. It is likely that the appar-
ent mechanism of overall reaction cannot be expressed in
terms of one simple reaction model. Nevertheless, in a
certain conversion range (0.2-0.7), pyrolysis mechanism
of FR treated RCF can be described by nucleation growth
model of g(a)=[1-In(a)]"*38,
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