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Flame Retardant and Its Vulcanization Promotion for Styrene
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aminopropyl triethoxysilane (KHSSOA). The presence of silicon, ¢ C'a o @ o Lig:-00PO s

phosphate, and nitrogen groups was characterized by FTIR, XPS, @ 3 & e owinee , $y, 84
and *'P NMR spectroscopy. Lig-K-DOPO exhibited advanced CondensedPhese ¢« ¥ $ole.y
thermal stability compared with pristine lignin supported by TGA phesphere
analysis. The curing characteristic measurement showed that © %;. LJ : «® ..0 . - -

addition of Lig-K-DOPO promoted the curing rate and crosslink
density to styrene butadiene rubber (SBR). Moreover, the cone
calorimetry results indicated Lig-K-DOPO conferred impressive
flame retardancy and smoke suppression. The addition of 20 phr Lig-K-DOPO reduced SBR blends 19.1% peak heat release rate
(PHRR), 13.2% total heat release (THR), 53.2% smoke production rate (SPR), and 45.7% peak smoke production rate (PSPR).
This strategy provides insights into multifunctional additives and greatly extends the comprehensive utilization of industrial lignin.
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1. INTRODUCTION

In recent years, polymer materials are widely used for various

rating with a blowing-out effect, and exhibit a decrease in the
heat/smoke release. Kong et al. evaluated the efficiency of

applications but mostly exhibit disadvantages such as poor fire
retardancy and thermal stability, which limit their applications
in specific fields where high levels of fire safety are required.
Therefore, the addition of flame retardants plays a key role in
the enhancement of flame retardancy properties of polymer
materials. Considering environmental protection and human
health, an increasing number of countries have promulgated
bans on halogen-containing flame retardants." Halogen-free
flame retardants such as P-, N-, and Si-containing flame
retardants and metallic hydroxides have been considered
alternatives to halogen-containing flame retardants owing to
their reduced environmental impact and high efficiency.”
However, research indicates that synergy between a single P—
N compound flame-retardant system and a synergist is usually
required for a high flame-retardant performance.” Xu et al.
evaluated a phosphorous-based bi-functional compound
HPDAI that was used as a reactive-type flame retardant (FR)
in an epoxy thermoset (EP) aiming to improve the flame
retardant efficiency of phosphorus-based compounds.® Their
results showed that adding 2 wt % HPDAI made EP
composites acquire an LOI value of 32.3%, pass a UL94 V-0
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organic montmorillonite intercalation cobalt hydroxides
modified by acidified chitosan (Co-OMt) as a synergistic
agent in an intumescent polypropylene (PP) system based on
ammonium polyphosphate (APP) and pentaerythritol (PER).®
Their results showed that layered Co-OMt was not only
uniformly dispersed in the PP matrix but also accelerated the
advancement of the intumescent shield which can effectively
isolate heat conduct between the flame and substrate. Although
the layered Co-OMt exhibited excellent flame resistance, the
environmental hazard of cobalt compounds cannot be
neglected. Wang et al. adopted nitrogenous bases as a bio-
based gas to synergize with IFR.° They concluded that the
formation of cellular and intumescent char layers could be
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promoted, and the flame retardancy of PP could be improved
with the incorporation of uracil (U). This investigation proved
that bio-based synergists have comparable efficiency to their
current non-bio-based counterparts. As their sustainability and
environmental benefits, bio-based synergists/flame retardants
hold tremendous benefits.

Lignin is the second most abundant biopolymer from nature
which is considered as a sustainable and environmentally
friendly material and renewable resource.” > However,
approximately 95% of industrial lignin from the paper industry
is disposed of as industrial waste, necessitating the
comprehensive utilization of industrial lignin. In recent years,
the use of lignin in polymer applications has gained interest
due to its excellent flame-retarding potential of pristine li%nin
and its derivatives in a wide range of polymeric materials.” "'
However, the active sites of the aromatic ring in lignin have a
large steric hindrance and low reactivity.'” Besides, the flame
retardancy effect of pristine lignin is usually limited. To
improve the flame retardancy efficiency of lignin, functionaliza-
tion or synergistic combination with other effective flame
retardants to maximize the use of the char-forming property of
lignin has drawn considerable attention.'”'* Liu et al.
successfully modified lignin with N and P (F-lignin) via a
catalytic effect of Cu’*, and the continuous and intact char
layer of F-Lignin contributed to the improvement to the flame
retardancy of PP."”> However, the thermal stability of F-Lignin
declined slightly which restricts the further enhancement of its
flame retardancy compared to the origin lignin (O-lignin). In
order to intensify the flame resistance of lignin, Zhou et al.
fabricated an N/P-modified lignin-based flame retardant by a
mild two-step method which resulted in lower char-forming
temperature, enhanced thermal stability, and char formation in
epoxy resin (EP).'® Howbeit, the addition of modified lignin
showed a negative impact on the intensive deterioration of
EP’s mechanical properties. Zhu et al. chemically grafted lignin
with N/P-containing groups via a liquefaction-esterification-
salification process to prepare a lignin-based phosphate
melamine compound (LPMC), which was then used to
modify polyurethane (PU), thereby improving the flame
retardancy of PU."” This work inspired the research on
multifunctional lignin-based additives. However, smoke
suppression among the most important evaluations of flame
retardants has lacked interest in this research. To the best of
our knowledge, there are still some challenges in improving
lignin-based flame retardant: (i) the increment of thermal
properties, which can be realized by the introduction of
silicon,'® (ii) the development of fire resistance efficiency,
especially the escalation of smoke suppression, which can be
achieved by the synergistic effect of phosphorus, nitrogen, and
silicon,"” and (jii) the impairment of matrix mechanical
properties due to lignin aggregation, which can be mitigated by
decrement of lignin surface polarity.”’

Styrene butadiene rubber (SBR), a commonly used
synthetic rubber, is highly inflammable, which restricts its
use for flame retardancy applications.”’ However, with the
emergence of novel efficient halogen-free flame retardants such
as ammonium polyphosphate,”””* SBR is commonly used in
various applications, such as in conveyor belts in the coal
mining industry”* and decorative materials like carpets.”

The thermal stabili?f of lignin which was modified by Liu et
al. declined slightly."”” Zhou et al. fabricated a lignin-based
flame retardant that enhanced the thermal stability by a mild
two-step method resulted.'® However, the addition of the

modified lignin had a negative effect on the mechanical
properties of the matrix. In this study, a novel N-, P-, and Si-
type lignin-based flame-retardant, Lig-K-DOPO, was prepared
according to the Atherton—Todd reaction and then coordi-
nated with hexaphenoxy cyclophosphazene (HPCTP)/expand-
able graphite (EG) to enhance the flame retardancy of SBR
composites while reducing the effect of lignin on the
mechanical properties. The chemical structure and thermal
stability of Lig-K-DOPO were characterized by using Fourier-
transform infrared (FTIR) spectroscopy, X-ray photoelectron
spectroscopy (XPS), and *'P nuclear magnetic resonance (*'P
NMR). The effects of the modified Lig-K-DOPO on the curing
characteristics, crosslinking density, filler dispersion, and
physical-mechanical and flame-retardant properties of the
SBR composites were fully investigated and compared to
those of pristine lignin. The flame-retardant mechanism of this
novel functionalized lignin in SBR composites is also discussed.

2. EXPERIMENTAL SECTION

2.1. Materials. SBR 1502 was provided by Shandong Qilu
Petrochemical Engineering Co., Ltd., China. Lignin was
purchased from Shandong Longlive Biotechnology Co., Ltd.,
China. Highly dispersible amorphous silica precipitate (grade
Zeosil 1165MP) was manufactured by Rhodia Silica Co., Ltd.,
Qingdao, Shandong Province, China. 3-Aminopropyltriethox-
ysilane (KHSS0) and 9,10-dihydro-9-oxa-10-phosphaphenan-
threne-10-oxide (DOPO) were purchased from Shanghai
Aladdin Biochemical Technology Co., Ltd., China. HPCTP
was provided by Shandong Taixing New Material Co., Ltd.,
China. EG was supplied by Qingdao Tianheda Graphite Co.,
Ltd., China. Triethylamine (C¢H;{N/TEA/Et;N), carbon
tetrachloride (CCl,), dichloromethane (CH,Cl,), and ethanol
(C,H;OH) were analytical-grade products and used as
received. All rubber additives, such as sulfur (S), stearic acid
(SA), zinc oxide (ZnO), the antioxidant N-(1,3-dimethylbu-
tyl)-N'-phenyl-p-phenylenediamine (4020), the accelerator N-
tert-butyl-2-benzothiazole sulfonamide (TBBS), 2,2’-dithiodi-
benzothiazole (DM), the anti-scorch agent N-cyclohexylth-
iophthalimide (CTP), and the silane coupling agent bis-(3-
triethoxysilylpropyl) tetrasulfide (Si69), were industrial-grade
products and used as received.

2.2. Synthesis of Lig-K-DOPO. DOPO-KHSS0 was
synthesized by the Atherton—Todd reaction as an intermediate
for the preparation of Lig-K-DOPO. First, 100 g of the flame-
retardant intermediate, DOPO, was dissolved in 100 mL of
CH,Cl,. Subsequently, 100 g of KHS50 and 50 g of Et;N were
slowly added to the mixture under continuous magnetic
stirring in a nitrogen atmosphere. The mixture was cooled
below 20 °C in an ice bath and stirred continuously until
DOPO was completely dissolved. Thereafter, 400 g of CCl,
was slowly added dropwise over 60 min to ensure that the
temperature did not exceed 20 °C. After the addition of CCI,,
the system was heated to 23 °C and stirred for 12 h. The
mixture was then filtered and rinsed with water at least three
times. Finally, the flushed product was dried under vacuum at
70 °C for 36 h to obtain a yellowish product.

The graft reaction between DOPO-KHSS0 and lignin was
initiated by silanization. For the reaction, 60 g of lignin and
DOPO-KHSS50 and 800 mL of C,H;OH were added to a
three-necked round-bottom flask equipped with a nitrogen
inlet and condenser. The mixture was then heated to 70 °C
and stirred for 12 h. After completion of the reaction, the as-
obtained product was centrifuged, washed, and vacuum-dried
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Scheme 1. Synthesis Route of Lig-K-DOPO
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to obtain a brown product. The synthesis of Lig-K-DOPO is
illustrated in Scheme 1.

Both, lignin and the prepared Lig-K-DOPO, were processed
by ball milling to reduce the size of the lignin/Lig-K-DOPO
particles.

2.3. Synthesis of Composites with SBR. The exper-
imental formulations of all the SBR composites are listed in
Table 1. First, SBR gum, silica, Si69, and lignin/Lig-K-DOPO

Table 1. Formulation of SBR Composites®

samples

ingredients [phr] ~ SBR  SBR/20 Lig SBR/10 LKD  SBR/20 LKD

SBR 100 100 100 100
Lig-K-DOPO 0 0 10 20
lignin 0 20 0 0

“All weights are in parts per 100 g of rubber (phr): silica 50, HPCTP
30, EG 20, ZnO 3, stearic acid 2, antioxidant 4020 3, accelerator NS
1.5, accelerator DM 1, sulfur 1.5, CTP 0.3, and Si69 4 were common
to all the mixtures.

were mixed in an internal mixer at a fill factor of 0.7 at 80 °C.
Next, the composites were mixed for S min till the mixing
temperature reached 140 °C to ensure that the silylation
reaction of the composites was completed. Subsequently, the
obtained material was cooled to room temperature.

Second, the as-prepared composites and rubber additives
other than sulfur were mixed in an internal mixer at 60 °C at a
rotor speed of 60 rmin~'. Sulfur was then added to a
laboratory-size two-roll mill (©160 X 320) to obtain 2 mm-
thick sheets. Subsequently, the rubber compounds were press-
cured at 160 °C for an optimum curing time of 2 min.

The experiment used SBR and SBR with 20 phr lignin dual-
control, marked as SBR and SBR/20 Lig, respectively. SBR/10
LKD and SBR/20 LKD were SBR/HPCTP/EG composites
with 10 and 20 phr of the flame-retardant Lig-K-DOPO,
respectively.

2.4. Characterizations. 2.4.1. Fourier-Transform Infrared
Spectroscopy. FTIR spectra were recorded in the attenuated
total reflection mode with a Vertex 70 FTIR spectrometer
(Bruker, Germany), and the wavenumber range was set to
$00—4000 cm™".

2.4.2. Nuclear Magnetic Resonance (NMR) Spectroscopy.
3P NMR spectra were recorded on a Bruker AVANCE-500
MHz NMR spectrometer at 300 K using dimethyl sulfoxide
(DMSO-d6) as the solvent.

2.4.3. X-ray Photoelectron Spectroscopy (XPS). The
changes in the functional groups on the modified lignin
particle surfaces were examined by XPS using a Thermo
ESCALAB Xi+ instrument with a monochromatized Al Ka
radiation source (200 W). The acquired XPS profiles identified
peaks for the C 1s, O 1s, N 1s, Si 2p, and P 2p orbitals.

2.4.4. Thermal Stability. Thermogravimetric analysis
(TGA) was performed using a TG 209 F1 thermogravimetric
analyzer (NETZSCH, Germany). The lignin and Lig-K-DOPO
powders were heated from 30 to 700 °C at a heating rate of 20
K'min™" under a nitrogen atmosphere.

2.4.5. Curing Characteristic. A moving-die rheometer MDR
2000 was used to determine the curing characteristics of the
compounds at 170 °C, 1.67 Hz frequency, and 7% strain. The
torque vs time curves were recorded, and curing parameters
such as the maximum torque (My), minimum torque (M),
difference in torque (My—M), scorch time (t,), and
optimum curing time (fy,) were determined. The curing rate
index (CRI) was calculated using eq 1.

CRI = 100/ (tyy — ) (1)

2.4.6. Crosslink Density Measurement. The vulcanizates
were immersed in toluene for 72 h at room temperature to
reach the equilibrium swelling state. The swollen sample was
then dried in a vacuum oven to reach a constant weight for 36
h at 60 °C. The weights of the vulcanizate samples before
swelling (my), after swelling (m,), and vacuum-drying (m,)
were measured. The crosslinking density (V,, mol-cm™)
according to the Flory—Rehner equation and the rubber
volume fraction (V,) in the swollen sample are expressed in eqs
2 and 3), respectively,

(1= V) + V+ 4V

: Ve (v} = V,/2) )
_— my X @ X (1 —a)/p
T (1-=a) , (m—m)

my X @ X 7/}{ + 7/{ (3)
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Figure 1. FTIR spectra of lignin, DOPO-KHS50, and Lig-K-DOPO (a); dissolved characteristics of lignin and Lig-K-DOPO in DMSO (b); *'P
NMR XPS spectra of lignin and Lig-K-DOPO (c); XPS element analysis of lignin and Lig-K-DOPO (d); XPS P 2p spectrum analysis of Lig-K-
DOPO (e); XPS Si2p spectrum analysis of Lig-K-DOPO (f); TGA of lignin and Lig-K-DOPO (g).

where @ is the proportion of rubber in the composite, a is the FTIR spectrum of lignin.”’ Compared to lignin, the new
proportion of mass loss during swelling, p, is the density of the absorption peak observed at 753 cm™' belongs to the
rubber (g-cm™), p, is the density of the solvent (g-cm™), V is stretching vibration of the P—O—Ph bond stemming from
the molar volume of toluene (106.28 cm®mol™), and y is the DOPO. The peaks at 1129 and 1256 cm™', which are
rubber—solvent interaction parameter. The y between SBR and associated with the P—-O—C and P==0 bonds, respectively, are
toluene is 0.446.>° observed for Lig-K-DOPO. Moreover, the absorption peak at

2.4.7. RPA Analysis. The rubber process analyzer RPA 2000 1091 cm™" correlates to the presence of C—N bonds in the
was used to measure the strain dependence of the elastic KHSS0 structure. These findings suggest that lignin is graft-
modulus and loss factor of the uncured samples in the strain modified by P and N. In addition, the characteristic absorption
range of 0.28—200% at 60 °C and a frequency of 1 Hz. peaks at 919 and 1041 cm™' are related to the stretching

2.4.8. Physical Mechanical Properties. The hardness was vibrations of the C—N and N—H bonds, which could be
measured with reference to the ASTM D-2240 standard. The generated by the Atherton—Todd reaction of DOPO and

tensile properties were determined using a Zwick BTI1- KHSS0. The appearance of the absorption peak at 883 cm™" is
FROOSTN ASO tensile tester using dumbbell-shaped specimens ascribed to the vibration absorption of the Si—O—C bond,
with a crosshead speed of 500 mm-min~" with reference to the indicating that dehydration condensation occurs between the
ASTM D-412 standard. All the tests were performed at 25 + 2 hydroxyl group of lignin and the silanol of KHSS50. A clear
°C. dispersion of lignin and Lig-K-DOPO in DMSO can be
2.4.9. Scanning Electron Microscopy. The fractured observed in Figure 1b.
surfaces of the SBR vulcanizates were observed using scanning 3P NMR was performed to further reveal the elemental
electron microscopy (SEM, JEOL JSM-7500F, Japan). The states and chemical structure of Lig-K-DOPO. In the *'P NMR
specimens were coated with a conductive gold layer. spectra depicted in Figure Ic, the signal at 15.54 ppm is

2.4.10. Flame Property Test. The LOI was measured using attributed to the P of phosphaphenanthrene in DOPO, 8 and
an HC-2 oxygen index analyzer (Nanjing Jiangning Analytical the peak at 10.35 ppm is due to the P in Lig-K-DOPO.”

Instrument Co., Ltd., China) with reference to the ASTM D- Besides, the peak at 1.7 ppm is presumed to arise from the
2863 standard. The dimensions of the specimens were 120 X formation of a DOPO-based phosphonate ammonium salt
6.5 X 3 mm?>. byproduct.*

The fire performance was evaluated using a CONE 6810 XPS was performed to obtain information about the
cone calorimeter (Vouch Testing Technology Co. Ltd.) elemental composition and content of lignin and Lig-K-
according to ISO 5660 standard procedures. Square specimens DOPO, and the results are shown in Figure 1d. The XPS
(100 X 100 X 4 mm®) wrapped in aluminum foil were placed profile of lignin only shows the presence of C, O, and a small
on a holder and irradiated at a heat flux of 50 kW-m ™. amount of N. In contrast, the XPS survey spectrum of Lig-K-

DOPO clearly shows the existence of P, Si, and excess N, apart
3. RESULTS AND DISCUSSION from C and O, confirming the successful decoration of lignin

3.1. Characterization of Lig-K-DOPO. To characterize with DOPO via the linkages of KH550. The substituent bound
the chemical structure of Lig-K-DOPO, the FTIR and XPS to the atom of concern leads to shifts in the binding energy of
profiles of lignin and Lig-K-DOPO are shown in Figure 1a. We this atom, as revealed by the XPS profiles. Therefore,

observed that the stretching vibration bonds of C—H on the functional groups possess a specialized shift, the binding
aliphatic molecular chain (2931 ecm™), C=O0O without energy of which can be found in the literature. Considering the
conjugation with the benzene ring (1700 cm™'), C=C of variety of structures of C and O in lignin, and the N that
the lignin aromatic skeleton (1591 cm™"), C=0 with aromatic emerges during lignin production, only the XPS P 2p and Si 2p
nature (1504 cm™),”® and —OCH3 (1447 cm™") appear in the spectra were used to analyze the structural differences between
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Figure 3. Effect of Lig-K-DOPO on dynamic mechanical properties of SBR compounds (a); SEM micrographs of lignin/Lig-K-DOPO-filled SBR

vulcanizates (b).

lignin and Lig-K-DOPO, and the results are presented in
Figure lef. The P 2p XPS profile is deconvoluted into three
components: P—C bonds at 131.3 eV, the O=P—C bond at
132.2 eV, and the O—P—N bond at 133.1 eV. The existence of
the O—P—N bond implies the occurrence of a reaction
between the P—H and —NH, bonds in DOPO and KHS50,
respectively. The high-resolution Si 2p band of Lig-K-DOPO is
split into two peaks corresponding to Si—C (100.9 eV) and
Si—O—C (101.7 €V) bonds, respectively. The presence of Si—
O—C can indicate dehydration condensation between lignin
and KHS550. This indicates that DOPO reacts with lignin via
KHS50. Therefore, it can be concluded that DOPO was
chemically grafted onto the lignin surface via linkages with
KHSS0.

To compare the thermal stability of lignin and Lig-K-DOPO,
the thermogravimetric and derivative thermogravimetric
(DTG) curves are presented in Figure 1§. The lignin
decomposes in several steps up to 800 °C.”' ™ Lignin starts
to decompose (the initial decomposition temperature at 5%
weight loss, TS) at approximately 192.4 °C and exhibits a
maximum weight loss temperature (T,,,) of 354.7 °C. In the
range of 30—280 °C, the water loss and decomposition of ether
linkages™” and side branches occur. Subsequently, in the main
degradation step (280—500 °C),** the scission of C—C and

P—p linkages leads to the creation of CH, and cleavage of the
main lignin chain,®> Above 500 °C, char formation occurs
owing to further rearrangement and condensation of the
aromatic structure.”®

After lignin was modified by KHS50 and DOPO, Lig-K-
DOPO exhibited a lower T, than lignin. However, Lig-K-
DOPO exhibited two relatively higher T, values, which
indicated that the decomposition process of the modified
lignin was substantially altered by incorporating P, N, and Si.
The much higher T, of Lig-K-DOPO was beneficial for
protecting the much higher char residue produced at a
relatively low temperature. The char residue at 800 °C and
37.0 wt % for Lig-K-DOPO was similar to that of lignin,
indicating that both, lignin and Lig-K-DOPO, can be used as
excellent char-forming agents. Char formation at high
temperatures would be beneficial to insulate heat and mass
transfer, block oxygen, and decrease the rate of combustion of
the polymer.

3.2. Cure Characteristics of SBR Composites. The
curing parameters of the sulfur-cured SBR compounds are
summarized in Figure 2. Compared to SBR, the addition of
pristine lignin prolongs the t,, and ty, of SBR/20 Lig and
decreases the CRI. This is because polar lignin can interact
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Figure 4. Mechanical properties of SBR vulcanizates tensile strength (a); elongation at break (b); hardness (c); modulus at 100% (d); modulus at

300% (e); DIN abrasion volume (f).

with the curing agents and adsorb the molecules of the
accelerator and other curing agents onto its surface.

For Lig-K-DOPO, it is evident that the modification of
lignin significantly reduces t;, and ty, the My—M; of the SBR
compounds slightly increases, and the crosslinking density and
CRI increase with increasing concentration of Lig-K-DOPO.
Thus, the modification of lignin contributed to the following
two effects. The adsorption of curing agents on Lig-K-DOPO
could be suppressed owing to the decrease in the number of
hydroxyl groups on the surface of Lig-K-DOPO caused by
dehydration condensation with KHS550. The tertiary amine
group of Lig-K-DOPO would be beneficial for activating the
curing rate for sulfur-cured SBR compounds.

3.3. Filler Dispersion. Based on strain sweep measure-
ments, the nonlinear viscoelastic nature of the composites,
where the shear storage modulus G’ decreases sharply with the
strain increment, is known as the Payne effect. The Payne
effect amplitude is the difference between G’ at a low strain
and G’ at a high strain (AG’), and is an indication of the
filler—filler interaction. Generally, the higher the Payne effect
amplitude, the poorer is the filler dispersion. The dependence
of G’ on the strain of the SBR composites is shown in Figure
3a. Compared to the control sample of SBR, the SBR/20 Lig
compound shows the highest AG’, reflecting the poor
dispersibility of unmodified lignin in SBR, which is related to
the van der Waals forces generated by the polar functional
moiety in the lignin structure. When lignin was modified by
adding Lig-K-DOPO, better filler dispersion, particularly at a
low loading of 10 phr, was observed.

The dispersion of lignin and morphology of the SBR-lignin
systems were further investigated using SEM, and the results
are presented in Figure 3b. Pristine lignin is poorly dispersed
and severely aggregated in the SBR matrix, which is shown as
embedded microparticles with clear edges in the SEM image of
the SBR/20 Lig composite. This may be attributed to the
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incompatibility in polarity. When lignin was chemically
modified, adding Lig-K-DOPO resulted in better filler
dispersion in the SBR/10 LKD and SBR/20 LKD vulcanizates.
When the lignin loading was 10 phr, the small lignin particles
in the SBR matrix were homogeneously dispersed, which was
attributed to the decrease in the number of hydroxyl groups on
the surface of lignin and the enhanced interfacial bonding
between the lignin and the rubber matrix using a coupling
agent.

3.4. Mechanical Properties of SBR Vulcanizates. The
mechanical properties of SBR vulcanizates are closely related
to the degree of filler dispersion and the crosslinking density.
The effects of lignin/Lig-K-DOPO loading on the tensile
strength, elongation at break, modulus, hardness, and wear
properties are observed from the data plotted in Figure 4. First,
the lignin/Lig-K-DOPO loading had no distinct effect on the
hardness of SBR vulcanizates. Compared to the control sample
of SBR, the tensile strength, modulus at 300% elongation, and
abrasion resistance of SBR/20 Lig are significantly reduced.
This is attributed to the poor dispersion of lignin in the
hydrophobic rubber matrix, which easily leads to stress
concentration when the material is subjected to a tensile pull
test, which reduces the ultimate strength of the composite. The
deterioration of the mechanical properties of SBR/20 LKD can
also be attributed to the participation of Lig-K-DOPO.
However, unlike lignin, when the dosage of Lig-K-DOPO is
10 phr, SBR/10 LKD exhibits relatively good mechanical
properties.’”*® Nevertheless, all the mechanical properties of
SBR/20 LKD are better than those of SBR/20 Lig vulcan-
izates, indicating better reinforcement of Lig-K-DOPO than
the unmodified lignin.

3.5. Flame Properties. A cone calorimeter was used to
determine the characteristic combustion parameters correlated
with real fire disasters. The heat release rate (HRR), peak HRR
(PHRR), and time of arrival at PHRR (tPHRR) are shown in
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Figure S. Effect of Lig-K-DOPO on HRRs (a—c), SPRs (d—f), THR (g), carbon monoxide concentration of released gas (h), and LOI (1).

Figure Sa—c. The SBR/20 Lig vulcanizate presents a higher
PHRR and a slight prolongation in the tPHRR. The PHRRs of
SBR/Lig-K-DOPO vulcanizates are significantly reduced, and
the tPHRR values are significantly prolonged. Furthermore,
with increasing Lig-K-DOPO, the PHRR of SBR vulcanizates
decreases.

The smoke-related parameters are analyzed in Figure Sd—f,
including the smoke production rate (SPR), peak smoke
production rate (PSPR), and average smoke release rate within
S min (mSPR). Compared with the SBR, the PSPR and mSPR
values are reduced by both, lignin and Lig-K-DOPO, to varying
degrees, indicating a reduction in smoke hazards with an
increase in Lig-K-DOPO.

The total heat release (THR) of materials is another
important flame-retardant parameter for evaluating flame
hazards. Typically, a qualified flame-retardant material will
exhibit a lower THR, which can effectively inhibit the
continuous spread of the flame during combustion. As
shown in Figure 5g, SBR/20 Lig exhibits a decreased THR
compared to the control sample, which is attributed to the
condensation carbonization of aromatic lignin. SBR/20 LKD
shows the lowest THR, 95.5 MJ m™2, as an indicator of the
synergy of P and N in Lig-K-DOPO. Note that although a low
loading of Lig-K-DOPO is beneficial for decreasing the PHRR
of SBR vulcanizates, it is not sufficient to decrease the THR.
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In a practical fire, the release of poisonous gases, such as
carbon monoxide (CO), is also the dominant factor that causes
personnel casualties, as shown in Figure Sh. In this regard, the
SBR/LKD materials enable a considerable abatement of CO
release, which can significantly mitigate the harm caused by the
poisonous gas.

The flammability of the SBR composites was further
evaluated using LOI analysis (Figure 5i). The LOI of the
control SBR sample with the addition of HPCTP and EG is
approximately 27%. For the SBR/20 Lig vulcanizate, the
addition of lignin slightly improves the LOI. Thus, adding Lig-
K-DOPO can effectively improve the LOI of SBR vulcanizates,
which further proves the feasibility of attaining an intrinsic
flame retardancy in lignin by introducing P, N, and Si into its
structure.

3.6. Flame Retardant Mechanism. The flame retardant
mechanism of SBR filled with Lig-K-DOPO is mainly
attributed to the effects of HPCTP, EG, and Lig-K-DOPO,
as illustrated in Scheme 2. The cyclic phosphazene cores of
HPCTP decompose into substantial amounts of P-free radicals
(PO, and PO-), and nonflammable nitrogen pyrolysis gas
flows toward the gas phase because of the phosphazene
structure in HPCTP. These pyrolytic PO, and PO- free
radicals react with flammable radicals, such as H- and OH-, to
reduce the opportunity for combustion, leading to a quenching
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Scheme 2. Flame Retardant Mechanism of SBR/Lig-K-
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effect. Meanwhile, the nonflammable CO,, N,, and NH; gases
formed from HPCTP decrease the concentration of the
flammable gas to produce a diluting effect. In contrast, in the
condensed phase, the cyclic phosphazene structure becomes a
P-rich pyrolysis fragment and promotes the formation of
charring layers. The P-rich fragments with high molecular
weights in the char will also improve the thermal stability of
the charring layers and prevent further combustion of the
interior matrix in the condensed phase. All these reasons,
including the quenching and diluting effects of flame inhibition
in the gas phase and the charring effect in the condensed
phase, confirm the flame-retardant effectiveness derived from
the addition of HPCTP.”” EG was heated to produce
expanded graphite flakes and formed a “worm-like” structure
due to the “popcorn effect”, producing nonflammable gases
like CO, and forming the char layer.*” Moreover, char
formation accelerated the effect of Lig-K-DOPO in combina-
tion with EG, which can further enhance the flame retardancy
of the materials.

Lig-K-DOPO exerted a flame-retardant effect in both,
condensed and gas phases. In the gas phase, the DOPO
group in Lig-K-DOPO can generate P radicals (such as PO-
and PO,) during pyrolysis, such as HPCTP, which can also
quench active radicals (such as OH:, H-, and hydrocarbon) to
interrupt the free radical chain reaction of combustion and
capture active terminal free radicals in the molecular chain of
the decomposed matrix to inhibit further degradation of the
matrix.*’ Furthermore, the amino group in Lig-K-DOPO may
decompose into nonflammable gases such as NH; and N,.
These nonflammable nitrogenous gases can dilute ignitable
gases, cut off the oxygen supply, and remove heat during
combustion. In the condensed phase, the thermal degradation
of the DOPO group in Lig-K-DOPO produces phosphoric
acid derivatives, which can be further transformed into
polyphosphoric acid derivatives by dehydration of the P—
OH bond.”* These P-based acid derivatives could react with
the OH groups in undecomposed/decomposed lignin and EG
by esterification and dehydration, thus promoting the
formation of intumescent P-rich char layers with polyaromatic
structures bridged by P—O—C and P—O—P bonds. The char
layer could be an effective thermal insulating layer to slow
down the heat and mass transfer between the flame zone and
the burning matrix. In addition, the Si—O—C bond in Lig-K-
DOPO could inhibit the pyrolysis of SBR chains, generating a
Si—O—C/Si—O—Si thermal insulation layer to reinforce the
char layer. The nano-silica produced by the degradation of the

21556

Si—O—C/Si—0O~Si bond could also migrate to the char
surface during combustion, improving the integrity and quality
of the char layer.”’ Consequently, the flame retardancy of Lig-
K-DOPO-filled SBR samples was enhanced.

4. CONCLUSIONS

Based on the Atherton—Todd reaction and the hydrolysis/
condensation reaction, the triple Si, P, and N-grafted lignin-
based flame-retardant (Lig-K-DOPO) was synthesized using
the flame-retardant intermediate DOPO with lignin via the
linkage of silane coupling agent KHSS0. The results showed
that the thermal stability of Lig-K-DOPO was much higher
than that of lignin, increasing the curing rate and crosslinking
density of the silica-filled SBR compounds. Associated with the
improved filler dispersion of Lig-K-DOPO in the SBR matrix,
the SBR/Lig-K-DOPO composites exhibited enhanced phys-
ical and mechanical properties compared to the SBR/lignin
composites. Furthermore, Lig-K-DOPO showed good syner-
gistic flame retardancy with EG and HPCTP. As Lig-K-DOPO
increased, the HRR and SPR of the SBR vulcanizates
decreased, and the time corresponding to the peak HRR was
significantly prolonged, indicating the excellent flame retard-
ancy of Lig-K-DOPO.
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