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Abstract

Lignin with a phenolic structure can act as a fire retardant, but different origins of lignin and extraction
methods impact the fire behavior capabilities. The thermal characteristics of lignin, such as glass tran-
sition (Tg) temperature, thermal degradation, molecular weight, lignin purity, and phenolic content, in-
fluence the capability of lignin as a flame retardant (FR) by causing significant char residue. However,
lignin faced significant constraints in the final polymer to meet industry requirements, with the main
issue being a lack of homogeneity when blending lignin with polymeric matrices. To improve the FR
performance of lignin, various advances have been taken such as altering lignin with nitrogen and/or
phosphorus chemicals, as well as shrinking lignin to the nanoscale to reduce lignin aggregation with
matrices and obtaining considerable FR behavior in which FR system, lignin can present as a single
component, lignin-based composite, modified lignin, and nano lignin. The present review addresses
the manufacture of lignin as FR and the attributes of the product with lignin added to the system. It
also covers the structure, source, extraction technique, physical-chemical properties, and chemical
modification of lignin as an FR source, as well as the basic principle of flame retardancy, influencing
factors (current development and application till the industrial analysis need of FR). Throughout this
review, it aids in the discovery of a better strategy to introduce lignin as a source of bio-based FR for

achieving the low cost in the fabrication method of FR.
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Introduction

The chemical, physical, biological, and material sciences
made tremendous progress, particularly in polymer chemis-
try commodities, over the twentieth century. Rising the trend
of polymer chemistry resulted in the ubiquitous application
of synthetic materials such as fiber and plastic in daily life.
However, these materials have high levels of flammability
that gave a consequence of daily use. For instance, when a
building fire occurred, building equipment mostly made of
high flammability-material created severe combustion due
to the high caloric capacity of the polymer [1]. This problem
is an intriguing point and pushes researchers to develop and
study stronger flame-retardant polymers especially natural-
based polymers due to environmental concerns.

Lignin, as the second most abundant biopolymer, pre-
ceded by cellulose only, is readily available in adequate
quantities [2] and does not compete directly with food secu-
rity. Lignin is mostly obtained from biomass approximately
150 billion tons [3] while technical lignin was greatly gen-
erated from pulp mills as a waste, called black liquor. The
global production of lignin from these sources is accounted
for about 50 to 70 million tons annually [3]. The availability
of lignin is predicted to increase by 225 million tons per
year in 2030 [4]. Besides that, it can also be obtained from
the by-product of bioethanol production. However, less than
5% lignin is utilized as a green chemical while the rest is
usually burned for boiler heating [2, 5]. A complex structure
of lignin consists of three basic units: p-coumaryl alcohol
(H), coniferyl alcohol (G), and sinapyl alcohol (S) which
are connected by interunit linkages [6], with the phenolic
hydroxyl, methoxyl groups, and carboxyl as functional
groups [7]. The decomposition of lignin is mainly divided
into three stages. The first stage indicated volatile product
evaporation from room temperature until about 150 °C,
the next stage (150270 °C) corresponded to the aromatic
decomposition of lignin, while the rest (270-750 °C) with
the prominent peak around 350400 °C expressed as frag-
mentation of inter-unit linkage in lignin structure. This
result is corresponding with the previous thermo gravim-
etry analysis (TGA) result on Acacia mangium lignin as
reported by Solihat et al.[8]. At high temperatures (750 °C),
char is about 40% formed as a result of aromatic structure
condensation and rearrangement [8]. Another important lig-
nin thermal property is the glass transition temperature (T,).
T, which is correlated to the degree of polymerization is
usually analyzed by differential scanning calorimetry (DSC)
or dynamic mechanical analysis (DMA) [9, 10]. The ther-
mal properties of lignin may vary depending on the lignin
source, extraction method, moisture content, low molecu-
lar weight species, and chemical modifications [11-13].
However, fundamentally, the huge aromatic backbone in
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lignin of any type created a high charring ability and hence
it potentially can be used as a carbon source for flame-retar-
dant (FR) material [14].

The development of lignin-based FR has received much
interest in the last twenty years [15]. Furthermore, the toxic-
ity issue and global prohibition of some conventional halo-
genated FR such as hexabromocyclododecane (HBCD),
polybrominated dibenzofuran (PBDF), tetrabromobisphe-
nol A (TBBA), decabromodiphenyl ether (DBDPO) have
accelerated this development.[16]. Generally, FR can be
derived from four types such as pristine lignin, composites
lignin, chemical-modified lignin, and nanolignin [17]. Lig-
nin pristine can offer certain flame retardancy polymers yet
the end product of polymer/lignin composites frequently fail
to fulfill the industrial requirement test such as UL-94 anal-
ysis due to failure to achieve the V-0 rating and to achieve
limiting oxygen index (LOI)>28%. Cone calorimetry and
pyrolysis combustion flow calorimeter (PCFC) analysis are
two other main flame retardancy requirement tests. One of
the scientist’s endeavors to circumvent the pristine lignin
problem is a chemical modification of lignin. According to
Yang et al.’s report, there are four types of chemical modifi-
cation for lignin to increase its properties for FR application:
(i) nitrogen or phosphorus modified lignin, (ii) phosphorus-
nitrogen modified lignin, (iii) phosphorus-nitrogen modified
lignin-containing metal ions, and (iv) combination of lignin
with silica-containing FR [16]. To create an FR polymer,
two ways methods are usually applied: additive method
and reactive method. In the additive method, FR is melt-
mixed with polymer using normal processing methods (e.g.,
extrusion) while in the reactive method, chemical alteration
of the polymer chain to integrate with FR directly during
polymerization is conducted. An additive method has been
reported by some researchers who blended lignin with poly-
lactic acid (PLA)/ammonium polyphosphate (APP) [18]
and polypropylene (PP) [19]. Meanwhile, a reactive method
has been reported by Handika et al. who reacted lignin with
polyurethane (PU) for textile fire-resistant application [20].

Overall, lignin has a bright future as a polymeric FR
solution, especially as the insulating material in the con-
struction and building industry, due to its high charging
capacity [21]. Despite FR has been reported in some review
chapters to date [1, 14, 16, 22], no study reported compre-
hensively on lignin-based FR including the effect of lignin
structure, source, the extraction process, physical-chemical
properties, and chemical modification of lignin extraction
and properties, basic principle of flame retardancy and cur-
rent development, and application until industrial analysis
requirement of FR. Therefore, this study will contribute to
enrich the update on lignin-based FR development. Eventu-
ally, challenges and envisages are also suggested.
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Lignin structure, extraction, and its
properties

Lignin structure

Lignin is a natural binder found in woody plants that gives
the plant’s cell walls strength, stiffness, and structure. It pro-
vides some rigidity to the wood substance, reducing micro-
bial breakdown and protecting it from stress [23, 24]. Lignin
fills the space between hemicellulose and cellulose in plants
and maintains the lignocellulose matrix together [25]. In
addition, due to these properties exhibited by lignin as a nat-
ural binder, lignin can be used as a natural flame retardant
to slow down the flame progress when subjected to fire [22,
26, 27]. Thus, the extracted lignin as a natural FR mixed
with other material could withstand or act as a barrier to
fire[28]. The lignin contents are between 24 —33% in soft-
woods, 19 —28% in hardwoods, and 20 —30% in another
biomass [29, 30]. The average molecular weight (M,,) for
isolated lignin differs based on wood and lignocellulosic
types. Some studies reported M,, 17,200 g mol~!, 29,600 g
mol~!, and 53,850 g mol~! from eucalyptus (Eucalyptus
globulus), Southern pine (Pinus palustris), and Norway
spruce (Picea abies), respectively where these differences
in M,, may be due to different isolation methods [31]. Lignin
is formed within cell walls in plants that are composed of
aromatic units. Lignin is insoluble in most solvents and has
an amorphous form [32].

Lignin is a polyphenolic substance that, along with hemi-
cellulose and cellulose, is one of the most important com-
ponents in plant cell walls. The lignin chemical structure
is composed of phenyl propane units, which are derived
from three aromatic precursors known as monolignols or
basic units (Fig. 1). These monolignols are G, H, and S [33]
which are involved in the creation of lignin that was linked
by the inter-unit linkage of monolignols’ phenolic sub-
structures (Fig. 2) [34, 35]. There are no methoxy groups
in the H unit, one methoxy group in the G unit, and two
methoxy groups in the S unit [30]. The composition of lig-
nin is determined by the lignocellulosic and wood species.
Lignin is deposited in the middle lamella of hardwood cell
walls, followed by the main wall and the S1 layer in the
secondary wall. Following that, lignin is found in the S2 and
S3 layers. Because hardwood lignin comprises primarily G
and S units with traces of H units, it differs from softwood
lignin (Fig. 3) [36]. Softwood lignin, on the other hand, is
largely made up of G units, with small quantities of H units
(about 90%) (Fig. 4) [33, 37]. Furthermore, the additional
methoxyl groups on the aromatic rings hinder the develop-
ment of 5-5 (dibenzodioxin linkages), allowing the lignin
polymer in hardwood to form a linear structure rather than
a branched structure like softwood. Hardwood has a larger
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Fig. 1 Lignin monolignols structures. Reproduced with permission
from Doherty et al. [9] Copyright 2022, Elsevier B.V
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Fig.2 Phenolic substructures from monolignols. Reproduced with per-
mission from Doherty et al. [9]Copyright 2022, Elsevier B.V.
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Fig. 3 Softwood lignin chemical structure. Reproduced with permis-
sion fromZakzeski et al. [38]. Copyright 2022, American Chemical
Society.

Fig. 4 Hardwood lignin chemical structure. Reproduced with permis-
sion from Zakzeski et al. [38] Copyright 2022, American Chemical
Society.
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lignin variability composition than softwood. Herbaceous
plant lignin, for example, has all three monolignols units, as
well as p-coumarate and ferulate, which are integrated with
G and S units [33].

The lignin structure is made up of branching hetero-
polymers with no specific structure [33]. Because lignin
comprises irregular functional groups, the most frequent
of which are phenolic hydroxyls and methoxyl, as well as
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Fig. 6 Lignin extraction process. Reproduced with permission from
Mandlekar et al. [14]. Copyright 2018, IntechOpen.

Table 1 Key kraft lignin and lignosulfonate properties
Kraft lignin Lignosulfonate

Containing ash content of 1-2% [9]  The high ash content of

and polysaccharides and some extrac- 4-8% and a high molecular
tives [47] weight than kraft lignin [48]
Containing high condensed structures Contains high impurities
with great phenolic hydroxyl groups  of 30% including ash or
and ether bonds [49, 50] carbohydrates [51]

The limitation of solubility can be Having a wide range of dis-
improved by sulfonation [52] solving capability in some
aqueous solutions such as
water excluded in organic
solvents [48]

Modification of lignosulfo-
nate is needed for improv-
ing compatibility with other
polymers [7].

The various functional groups
give exceptional colloidal
properties, additives (plasti-
cizers), dispersants, floccu-
lants, and surfactants [45]

The low molecular weight of kraft
lignin and its modification can func-
tion as dispersing agents, additives,
thermoset polymers [52]
Higher-molecular-weight kraft lignin
is used as a thermoplastic mixture or
copolymer [53]

primary and secondary aliphatic hydroxyls and a few car-
bonyl groups. Figure 5 depicts the general structure of lig-
nin. The common interunit linkages found for lignin such
as an aryglycerol-B-ether dimer or B-O-4 ether type com-
prise about 45-50% of lignin. Other inter-unit linkages are
aryglycerol-a-ether dimer or a-O-4 type (6—-8%), resinol
(B-B) (9-12%), phenylcoumaran (B-5) (0-3%), biphe-
nyl/dibenzodioxocin 5-5X(18-25%), siaryl ether 4-O-5
moieties (4—8%) and a small amount of spirodienone[29].
Different lignins have different numbers of these linkages’
structures. This also includes different isolation methods
and species of biomass[40].

Lignin extraction methods

Lignin can be extracted from lignocellulosic components in
a variety of ways, including physical, chemical, and bio-
logical processes. Pulping techniques subjected to the disso-
ciation of ester and ether bonds were used to remove lignin
[41]. There are two categories of lignin extraction that are
sulfur-bearing and sulfur-free processes [42] as shown in
Fig. 6.
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Sulfur bearing process

Sulfur-bearing processors known as sulfur-containing lignin
include sulfur as inorganic compounds after the extraction
process [30]. The paper and pulp sector produces the major-
ity of sulfur-containing lignin. This lignin process includes
kraft and lignosulfonate lignin [30]. Both are produced com-
monly from pulp and paper industries due to the removal of
lignin leaving only cellulose. Two lignin kinds can be used
in similar applications even though they have different solu-
bility mediums [2]. The availability of kraft lignin was esti-
mated at 90 kilotons per year [43, 44], while lignosulfonates
have bigger production annually about 1.8 million tons [45,
46]. Table 1 depicts the different properties of kraft lignin
and lignosulfonate.

Kraft lignin The kraft lignin method involves sodium sul-
fide (Na,S) and sodium hydroxide (NaOH) that first convert
to white liquor [54]. This process converts both non-wood
and wood materials into pulp and final form to produce
black liquor that is acidified to recover lignin. This process
is known and called kraft lignin. The kraft process has been
used extensively and commercially to remove lignin in large
quantities [55]. During the cooking process, the lignin depo-
lymerized by cleavage of aryl ether bonds then yields kraft
lignin (soluble fraction) that is high in phenolic hydroxyl
groups. The condensation reaction forms a carbon-carbon
bond [54]. White liquor is used to dissolve the connections
that bind cellulose and lignin together. The non-woody/
woody elements are then turned into black liquor and pulp
[56]. Together combined with an acidic solution to collect
lignin. The black liquor consists of removal lignin and con-
siders waste or by-product [57]. This process was applied
in a study by Marangon Jardim et al.[55] using two differ-
ent types of wood species in a kraft lignin process that is
Southern sweetgum (Liquidambar styraciflua), a species
from hardwood, and Southern pine (Pinus taeda), one of
the species from a softwood. First, the woods were chipped
and screened. Then, it was dried. A 10 L laboratory pulping
digester was used for cooking. The parameters for cook-
ing conditions were set as for liquor to wood ratio was 4:1,
Na,O percentages were 16% for hardwood and 19% for
softwood, sulfidity percentage was 25% for both species, the
temperature was set to 160 °C for hardwood and 170 °C for
softwood, respectively and time for pulping were running at
30, 60, 90, 120 and 150 min. After cooking the pulped was
washed with water and centrifuge, the black liquor as lignin
precipitation was collected and filtered to remove any dirt.
Then, the black liquor was evaporated to solid content.

The residual sulfur content for this kraft lignin usually
is between 1.0 and 3.0% and 0.5-3.0% ash [10]. The sulfur
contains can give significant drawbacks for further chemical
functionalization especially when catalysis is needed [58].
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The kraft lignin has between 1000 and 3000 g mol~ ! in aver-
age molar mass number (M,)). The kraft lignin contains high
phenolic hydroxyl groups and condensed structures [59].
Sulfite lignin In the market, the most ubiquitous commer-
cially available lignin is sulfite lignin. This process was
commonly used as an additional way for the pulping process
by employing sulfite or bisulfite in digesting biomass[60].
Sulfite lignin was produced with a mixture of sulfur diox-
ide and base calcium (Ca**), ammonium (NH,*), Sodium
(Na™), or magnesium (Mg**) [61]. Because precipitation
occurs only at pH 3, in bisulfite pulping calcium can be uti-
lized. Magnesium is utilized when the pH is below 5. It is
possible to employ ammonium and sodium at a higher pH.
The processes at pH 1-2 known as acid sulfite, pH 5-7 as
neutral sulfite, and alkaline sulfite are the three main meth-
ods of sulfite pulping (pH 9-3.5)[57]. Delignification can
be produced to varying degrees by adjusting the cooking
liquor, chemical-to-biomass ratio, and physical conditions
[61]. Sulfite lignin has 3.5-8% sulfur and 4.0-8.0% ash
contents [62]. When cooking, lignosulfonates are recovered
from the liquor stream. Sulfur is found in Lignosulfonate in
the form of sulfonate groups on aliphatic side chains. As a
result, lignosulfonate is regarded as water-soluble [63].

Sulfur free process

Sulfur-free process lignin is a different type of class from
the lignin process that no sulfur content is developed during
lignin removal or extraction. There are two types of pro-
cesses in this category: lignin from alkaline pulping (soda
pulping) and solvent pulping (organosolv lignin) [64]. Both
categories of lignin processes have low macromolecular
sizes and low molar mass phenol after the process [30, 65].
This process is of particular interest because it has charac-
teristics that differ from kraft-lignin, allowing for applica-
tions which sensitive to the presence of sulfur. Besides, the
lack of thiol groups odor during heating is a significant ben-
efit [66].

Soda process Soda lignin is based on extraction pulping
from soda or soda-anthraquinone. This method is commonly
used for non-woody species such as straw, bagasse, flax, and
some hardwoods [67] The process began with hydrolytic
cleavage of native lignin with sodium hydroxide (NaOH) as
a cooking chemical [68, 69]. The addition of anthraquinone
in cooking liquor increase the rate of delignification [68].
This results in unmodified lignin becoming relatively chem-
ically treated. The soda process procedures adapted some
processes from pulp and paper factories to produce black
liquors. Furthermore, in the Granit process, where acidifica-
tion with mineral acids was added to lower the pH value
of black liquors. The recovery of liquor is come with some

ethanol/water
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H.S0,4 I, [V=400L,
(catalytic | [T=170°C
amounts) | | =80 min

e pulping ———-"

| i
| mother |

. i
| liquor | ! oS

i
Raw material [—
|

Spontaneous
precipitation

lignih precipitation/
solvent recovery

Fig. 7 Organosolv lignin process. Reproduced with permission from
Rossberg et al.[72]. Copyright 2022 NC State University.

problems because of the high amount of silica precipitate in
lignin which makes the lignin low in quality [70].

Rice straw was employed in lignin extraction by Shao et
al. [71]. In this study, soda pulping was used to cook rice
straw in a 15 L autoclave using soda anthraquinone (AQ),
NaOH was added with 14% concentration-based oven-dried
rice straw, AQ amount 0.1%, liquor to straw ratio was 1:4,
cooking time was 50 min, and the maximum temperature
was 148 °C. The pulp was screened after heating, then
the pulp slurry was evaporated until a solid content was
achieved. Tutus et al. [70] found that increasing the cooking
duration from 30, 40, and 60 min increased the silica pre-
cipitated on pulps by 77.89%, 82.89%, and 84.59%, respec-
tively, in their investigation for rice straw pulping with AQ
added. Increased cooking time was also linked to lower
kappa number, screening yield, and viscosity of pulps.
Organosolv process Lignin produced from the organo-
solv process was considered the one that has the highest
purity compared to another process. It has higher solubil-
ity in organic solvents and is insoluble in water [63]. Due
to hydrophobic properties obtained by this type of lignin.
The lignin is recovered from solvent by precipitation and
most organosolv process is obtained through the pulping
process using low boiling organic solvents with sulfur-free
contain chemicals. This method is based on ethanol-water
pulping with an acetic acid mineral acid in small amounts,
such as sulfuric or hydrochloric acid. The ash concentration
of lignin produced by the Organosolv process is roughly
1.75% [62]. A study by Rossberg et al.[72] extracted lignin
by using an organosolv process, in this research a digester
400 L was used within an integrated pilot plant. Different
process parameters for pulping were used with three wood
species were beech, spruce, and wheat straw, the concen-
tration of ethanol used was 50, 65, 50% with temperatures
170, 180, 190 °C, and treatment times were 80, 80, 40 min
also H,SO, was added with concentration 0.5 to 2.9%. After
treatment, black liquor was formed and lignin was precipi-
tated with water dilution two times then evaporated to form
solid lignin. Figure 7 shows the organosolv lignin process
for this study.

Lavri et al. [63] extracted lignin from the sawdust from
Japanese knotweed (Reynoutria japonica) and beech trees
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(Fagus sylvatica). At a Parr high-pressure reactor, 140 g of
sawdust was combined with water/ethanol (1:1) as much as
980 mL. To stimulate the extraction of lignin, 8.58 mL of
2 M H,SO, was added. The reaction occurred for 1 h at
180 °C with agitation at 200 rpm while nitrogen gas was
used to pressurize the reactor to a pressure of 1.7 MPa. Fil-
tration was used to separate the mixture was then filtered,
and the solid was washed with a water/ethanol solution
before being oven-dried to obtain precipitated lignin.

Physical properties of lignin

Lignin is a pale-yellow chemical found in wood. Because of
the development of quinoid structures by phenol oxidation,
lignin separation under alkaline circumstances causes sig-
nificant discoloration. With modest modifications to remove
the phenolic and quinoid functions, this discoloration can
be reversed [32]. The properties of lignin determine the
final application in various manufacturing products. The
extraction method and lignin source have a great influence
on lignin properties. As a high crosslinking material, lignin
contains five hydroxyl and five methoxyl groups per build-
ing unit [73]. It is easily oxidized and very soluble in hot
alkali solution but not hydrolyzed in acids and condensed
chemical structure with phenol [42]. Important properties
in lignin are the glass transition (T,) which measures the
degree of crosslinking, crystallinity, rigid phenyl groups,
molecular mass, interchain hydrogen bonding, and rub-
bery region [9, 10]. It also is closely related to the degree
of polymerization of lignin [9]. On top of that, the T, can
be defined as the characteristics of the viscoelastic behavior
of amorphous polymer which change from a hard to a soft
state. This can be manifested in many ways such as a change
in tensile or shear modulus (or stiffness), the coefficient of
thermal expansion, and heat capacity. At temperature below
transition, the material becomes stiff and brittle with high
modulus and glassy. In the transition region the stiffness
decrease and at high temperature, the material will exhibit
rubber-like elasticity as a result of entanglement. If mate-
rial is not crosslinked, and thermal degradation not occur,
further increase in heat temperature will eventually result
in rubbery flow as the entanglement begin to slip [74, 75].
The T, of lignin is different from different species of
wood or biomasses. Usually, differential scanning calorim-
etry or DSC has been used to determine the DSC of materi-
als including lignin. Another technique to investigate the Tg
is DMA. Table 2 shows the T, in different lignin types.
Another property of lignin that has been considered
essential is its molecular weight. Lignin is a three-dimen-
sional amorphous polymer with a high molecular weight
[76]. The molecular weight data of lignin provide some
important information in defining the end products by
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Table 2 Glass transition (T,) in different types of lignin

Types of lignin T, (°C) References
Hardwood lignin 110-184 [8, 78]
Softwood lignin 138-160 [78]

Kraft lignin 110-174 [10, 78, 79]
Organosolv lignin 91-109 [78, 79]

understanding the reactivity and physicochemical proper-
ties of lignin. In kraft pulping, for example, hydroxide and
hydrosulfide anions break down aromatic ether linkages,
resulting in smaller water/alkali-soluble lignin particles.
Because of their reduced molecular mass, these pieces dif-
fuse quickly in black liquor [77]. This affects the properties
of lignin. Different lignin isolation processes give different
numbers of molecular weight data. Table 3 show the poly-
dispersity indices and average molecular weights of lignin
from different type of biomasses.

The number of average molecular weight is defined in
Eq. 1

~ SiNiMi

Mn = 1
TSN (1)

Where Ni stands for polymer chain numbers, Miis chain
molecular weightThe weight average molecular weight
(Mw) is defined in Eq. 2

~ NiNiMi?

Muw = 2
R N @

Polydispersity (PD) is defined in Eq. 3

Mw

PD =
Mn

€)

Flame retardancy principle and
characterization

The fire behavior of polymers is nowadays an important
issue in the design and production of polymer objects. The
widespread utilization of polymer materials in various sec-
tors has increased the risks related to the development of
fires [87]. There are two main methods to make a polymer
FR. In the first method, an FR is a melt blended with poly-
mer via the conventional processing methods (e.g., extru-
sion), namely additive way. The second method consists
of chemical modification of polymer chains to integrate
the FR directly on polymer during polymerization, namely
reactive way. Also, it should be mentioned that the FR can
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Table 3 Lignin molecular weights and polydispersity indices from
several types of biomasses

Lignin M, (g/mol) M,, (g/mol) PD Refer-
sample/Isolation ences
method

Mix hardwood / 786 3927 5.0 [80]
lignosulfonate

Pine/kraft 1600 6500 4.06 [81]
Douglas Fir/ 3490 9680 2.77  [82]
kraft

Eucalyptus 2200 6300 43 [83]
globulus /

lignosulfonate

Eucalyptus 530 2300 4.3 [84]
globulus /kraft

Aspen/ 2200 12,000 53 [83]
lignosulfonate

Eucalyptus 1523 5600 3.7 [85,
grandis / 86]
Organosolv

Eucalyp- 1900 5700 3.0 [83]
tus grandis /

lignosulfonate

be also applied on the surface of an object in some limited
cases, namely coating. The additive way is generally used
in industry since it is cost-effective compared with the reac-
tive way.

Once FR is incorporated into the polymer, there are two
possibilities of action in gas or condensed phases to increase
the flame resistance behavior. In the gas phase, it can liber-
ate inert gases like CO, and NH; to dilute the gas phase or in

Cellulose

Startch G

Tannins

Bio-based Flame

some cases, the emission of active radicals like halogenated
or phosphorus radicals helps to trap the reactive radicals
like He and OHe which aids in the propagation of flame.
In the condensed phase, the main action of FR is the forma-
tion of a residue/char layer which plays a protective role,
and also by transformation of polymer to carbon/char-based
material; the flammability of polymer is decreased. The pro-
tective role has a significant impact on the deceleration of
combustible gases to the flame and it also acts as a physical
protective barrier against external heat flux and prevents the
diffusion of heat into the material. There are different fami-
lies of FRs acting by one or several actions in the condensed
and/or gas phases including halogenated, phosphorus, nitro-
gen, mineral, and intumescent FRs. In recent years, the
concerns related to environmental and health risks related
to some halogenated FR push academic and industrial
researchers to develop new FRs from biobased materials.
Also, the development of biobased polymers necessitates
the use of biobased FR in these polymers to assure they are
fully biobased materials. For now, there are two sources to
produce the biobased FR including animals (like chitosan
and DNA), and biomass (lignin, phytic acid, tannins, cel-
lulose, starch, and proteins) (Fig. 8) [88].

The characterization techniques of flame retardancy
behavior are generally very specific apparatus. Therefore, a
brief description of different techniques is given herein. The
most famous techniques for flame retardancy evaluation
of materials are Underwriters Laboratories (UL94), LOI,
PCFC analysis, and cone calorimetry.

Fig. 8 The origin of biobased flame retardants. Reproduced with permission from Vahabi et al. [87]. Copyright 2021 Elsevier Ltd.
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LOI (European standard EN ISO 4589-2: 2017) [87, 89]
value indicates the lowest amount of oxygen in a mixture
of oxygen and nitrogen for which a flame appears when the
sample is ignited. For that, the sample should resist at least
3 min against flame or a length of sample 5 cm is burnt. The
dimensions of the sample are 80x 10x4 mm?>. The higher
value means better flame retardancy behavior [90].

A small amount of material (between 2 and 4 mg) is
pyrolyzed in a chamber in the presence of nitrogen, then the
gases generated from the pyrolysis are transferred to another
chamber, where the combustion occurs in the presence of
oxygen (ASTM D7309-21) [87, 91]. The energy released
can be calculated using Huggett’s relation (1 kg of oxygen
used in burning equals 13.1 MJ) [92]. The most important
parameters obtained are the total heat release (THR) and the
peak of the heat release rate (pHRR).

Cone calorimetry is the most useful laboratory test for
flame retardancy behavior evaluation of polymers. Like in
PCFC, the consumption of oxygen is monitored in a cone
calorimeter for heat release rate calculation. The most
important parameters obtained from the cone are the peak

Fig.9 Types of lignin-based flame retardant [17].
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of pHRR (kW/m?), THR (kJ/m?), and total smoke rate (m?/
m?) time to ignition (TTI) (s).

ULY%4 is a simple test that is well known in the indus-
try. There are two configurations for testing materials in
horizontal (H) or vertical (V) positions. The ignitability and
spread of flame are evaluated by UL94 V testing and let to
classify samples with V-0, V-1, or V-2 classes representing
high, medium, and low flammability, respectively.

Lignin based flame retardant

According to a review done by Xiao et al. [17], lignin-based
FR could be classified into four groups, namely, (i) single-
component lignin-based FR, (ii) lignin-based composite FR,
(ii1) chemically modified lignin FR, and (iv) nano-lignin
FR, as shown in Fig. 9.

Lignin FRs are single-component products that contain
only lignin as a flame retardant. During the heating pro-
cess of lignin, a carbon layer is formed that acts as a con-
densed phase, isolating oxygen and inhibiting the diffusion
of combustible gases, thereby inhibiting thermal cracking

Composite

lignin
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and combustion. A char former (carbonizing substance), a
dehydrating agent (which, upon decomposition, releases an
acid capable of esterifying hydroxyl groups), a foam-form-
ing substance (which, upon decomposition, releases large
quantities of non-flammable gases), and optional modifiers
are typically combined to produce an intumescent FR fin-
ish (stabilizers, synergists). Because lignin can only be used
as a source of carbon in a system, its FR efficiency is low
when compared to other natural materials. Lignin can be
combined with other acid and gas sources to create an FR
system that is intumescent as a result of its inflammability.

Lignin structure can be modified to obtain lignin FR
with high FR efficiency and durability [93]. Typically, this
is accomplished by chemically introducing phosphorus,
nitrogen, and metal elements [94]. Several different func-
tional groups are present in it [94], including methoxyl,
alcoholic hydroxyl, and polyphenolic hydroxyl. These func-
tional groups can serve as a large number of active sites for
subsequent chemical modification. Chemical modification
can also be used to increase the lignin content of the mate-
rial at the same time. Dispersion and interfacial interaction
are two issues that have been raised. Unmodified lignin
frequently formed agglomerations in the polymer matrix,
resulting in reduced flame retardancy. Chemical modifica-
tion could only partially solve the problem because only a
small amount of flame retardant moieties can be added to
lignin. As a result, when high loading levels of lignin-based
FR were used, inferior mechanical strength, flexibility, and
ductility were observed.

Recent development, characterization, and
application of lignin-FR biocomposites

Single-component lignin flame retardants

Direct lignin application as FRs in polymer composite and
coatings is the most straightforward method to enhance the
fire retardancy abilities of a material [95]. Table 4 summa-
rizes the peak heat release rate (pHRR), the time to ignition
(Tign), PHRR reduction, and total heat release (THR) of sev-
eral lignin-based composites added with single-component
lignin FRs. Lignin generally increased the time to ignition
of polymer blends. Reduced pHRR s also a frequent obser-
vation following lignin incorporation. Both the amount of
lignin and the type of additives used have a strong influence
on the observed trend. Song et al. investigated the effects of
dispersion and lignin concentration on the thermal charac-
teristics and flame retardancy of the styrene-acrylonitrile—
butadiene (ABS) copolymer [96]. Lignin was added to ABS
at concentrations of 5, 10, and 20% by weight. TGA revealed
that the char residue of the ABS and its blends increased

as the lignin content increased under nitrogen conditions.
At 650 °C, pure ABS without lignin has a char residue of
1.9%. Meanwhile, ABS containing 5, 10, or 20 wt% lig-
nin contains 4.9, 7.0, or 14.5% char residues, respectively.
Additionally, adding 20 wt% lignin could reduce the pHRR
of ABS/lignin blends by 32%.

Canetti et al. [97] found that the incorporation of 5 wt%
and 15 wt% lignin to PP resulted in higher char residue of
the composites under both inert and oxidative conditions,
respectively. Lignin present in the blend is capable of pro-
ducing a significant amount of char and is responsible for
the increase in the degradation of blend temperature over
time. The char is a carbohydrate-based residue that degrades
slowly due to the action of oxygen and water. Specifically,
the increase is greater for experiments conducted in an
atmosphere containing air, as the interactions between PP
and charring lignin form a protective surface shield that
inhibits oxygen diffusion into the polymer bulk during the
experiments. Apart from this, Fernandes et al. [98] also con-
firmed that poly(vinyl alcohol) (PVA) films with improved
thermal and photochemical stability could be attained by the
addition of kraft lignin derivatives. A study by De Chirico et
al. [19] also confirmed the role of lignin as FR for PP. How-
ever, synergist effects with some phosphate compounds such
as melamine phosphate (MeP), PVA, aluminum hydroxide
(Al (OH);), ammonium polyphosphate (APP), and mono-
ammonium phosphate (AHP) have further improved the fire
properties of PP composite as indicated by the reduction of
64 to 78% in HRR.

Lignin-based composite flame retardant

Lignin has been extensively studied in combination with
conventional FRs such as magnesium hydroxide (MDH),
ammonium dihydrogen phosphate (ADP), boric acid, and
ammonium polyphosphate (APP) to establish a more effi-
cient FR system. Among these, APP is the polyphosphate
that has received the most research attention. As reported
by Xiao et al. [17], lignin can be used together with FRs to
form a synergistic effect, in addition to being compounded
with polyphosphates as described above. In addition, lignin
can be combined with other biomass materials such as chi-
tosan, phytic acid, and so on to form composites. Chitosan is
a naturally occurring carbon source that, when burned, can
cause pores to form on the surface of polymers. The carbon
layer prevents the matrix from burning and decomposing
further, and it also serves as an FR. As an acid, phytic acid
can aid in the dehydration of materials and the formation
of charcoal, as well as play a role in the production of con-
densed phase FR [17].

When lignin and polyphosphate are combined, polyphos-
phate can act as an acid source and a gas source [99]. A
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Table 4 Cone calorimetric data for lignin-based composites added with single-component lignin

Composite Lignin content (wt%) Tipn (s) pHRR (kW/m?) pHRR reduction (%) THR (MJ/m?) References
100 wt% ABS copolymers 0 24 775 - 71.2 [96]
95 wt% ABS 5 28 640 18 69.1

90 wt% ABS 10 30 550 29 65.4

89 wt% ABS 20 23 526 32 65.1

85 wt% PP 15 96 1400 - - [19]
80 wt% PP 144 6wt% Al (OH), 55 310 78 -

80 wt% PP 14+PVA 72 500 64 -

80 wt% PP 14 +MeP 57 370 74 -

80 wt% PP 14+ AHP 47 325 77 -

80 wt% PP 144 APP 70 395 72 -

Note: Tj,, = time to ignition; pHRR =peak heat release rate; THR =total heat release

reaction between the lignin used as a carbon source and the
inorganic acid released from polyphosphate causes the sys-
tem to crosslink, expand, and foam. The non-combustible
gas is responsible for the system’s expansion and foaming,
while the lignin is dehydrated and carbonized, which further
causes the system to expand and foam. The two chemicals
are combined to form an intumescent FR, which has the
potential to have a synergistic effect. Verdolotti et al. [100]
observed the effect of APP and alkaline lignin (AL) on the
FR properties of thermoplastic zein-based composites using
a laboratory setting. It was found that the addition of both
APP and AL improved the fire behavior of the composite.
Poly (ethylene glycol) (PEG) volatilization and concur-
rent lignin degradation after AL addition result in a severe
shrinkage of the zein structure, causing the film to be with-
drawn from the flame. Meanwhile, APP with its superior
charring effect enhanced the fire-retardant behavior of the
composites. In addition, when the mass fraction of APP was
10% and AL was 10%, stiffness and tensile strength were
improved. At the same time, satisfactory toughness proper-
ties could also be obtained.

Similarly, Cayla et al. [101] investigated the FR proper-
ties of polyamide 11(PA11) using kraft lignin and APP. The
pHRR of PA11 after blending was reduced by 66% when
compared to the original PA11. It was necessary to prepare
the alkali lignin/APP intumescent FR polyurethane foam
(PUF/IFR) by adding an intumescent flame retardant (IFR)
to the polyurethane foam before adding it to the polyure-
thane foam. The limit of PUF/IFR is set at 30%. The LOI
reached 26.3%, which is a high value. The synergistic effect
of lignin and APP in the composite has a good FR effect.
Physical blending is the most common method of prepara-
tion, and the process is straightforward. Physical blending,
on the other hand, is frequently insufficient to achieve uni-
form interfacial interaction and dispersion of lignin in the
polymer matrix in many cases. It can be resolved by blend-
ing, and the amount of lignin present and the ratio in which it
is present have a significant impact on the flame retardancy
of the material. Coates et al. [102]studied blending phytic
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acid and lignin effect on the FR properties of PLA. Compar-
ing pure PLA to the combination of lignin and phytic acid,
the combination reduced the pHRR of PLA by 44%, and the
FR grade test resulted in a V-2 rating. Phytic acid containing
a high concentration of phosphorus not only has good flame
retardancy but also can better disperse lignin particles into
the matrix, thereby resolving the problem of uneven disper-
sion of lignin particles in the matrix material.

Chemically-modified lignin flame retardant

Lignin contains a variety of chemically reactive sites,
including carboxyl, carbonyl, hydroxyl, and methoxyl
groups, among other things. Owing to their high abundance
and reactivity, these hydroxyl groups (aliphatic hydroxyl
or phenolic hydroxyl) could be chemically modified by the
compounds they interact with. A review by Yang et al. [16]
has identified four major types of chemically modified lig-
nin that have been used as FR, namely, (i) nitrogen or phos-
phorus modified lignin, (ii) phosphorus-nitrogen modified
lignin, (iii) phosphorus-nitrogen modified lignin-contain-
ing metal ions, and (iv) combination of lignin with silica-
containing flame retardants. Table 5 displayed the types of
chemically modified FR and their main functions. Chemical
structures of lignin modified chemically with phosphorus,
nitrogen, and metal ions are shown in Fig. 10.

Phosphorus modified lignin

Following the findings of the study by Dorez et al. [103],
the acid phosphonic moiety could react with lignin hydroxyl
groups, resulting in the formation of covalent P-O-C bonds
and the modification of lignin’s surface by octadecyl phos-
phonic acid. In this regard, Ferry et al. [104] modified
alkali lignin with a variety of phosphorous compounds
containing P-OH moieties, including dihydrogen ammo-
nium phosphate (DHAP), a homopolymer of (methacryloy-
loxy) methyl phosphonic acid (HomoP), and a copolymer
of (methacryloyloxy) methyl phosphonic acid and methyl
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Table 5 Types of chemically modified FR and their main functions
Type
Nitrogen or

Main function

After the nitrogen-modified lignin FR is thermally

phosphorus  decomposed, it is easy to release incombustible
modified gases such as ammonia and water vapor. These
lignin gases not only can dilute the flammable gas and play
a gas-phase FR effect but also absorb heat and effec-
tively reduce the temperature of the material surface.
Phosphorus-modified lignin FRs are thermally
decomposed to produce strong acids with water
absorption or dehydration effects. The main function
is to promote the dehydration and carbonization of
hydroxyl groups in lignin to form a non-flammable
carbon layer.
Phosphorus-  Phosphorus-nitrogen-modified lignin further endows
nitrogen the material with attractive flame retardancy and
modified thermal stability through the synergistic effect
lignin between phosphorus and nitrogen elements.
Phosphorus-  Metal ions can increase the dehydrogenation capac-
nitrogen ity of phosphorus-nitrogen-modified lignin and
modified catalyze the carbonization of lignin to generate a
lignin-con-  char layer by introducing them into the polymer.

taining metal

ions

Combination  Silicon-containing compounds could be good FR
of lignin with additives for polymer materials because they are

silica-con- environmentally friendly and can withstand high heat
taining flame well.
retardants There could be a continuous and thicker layer of

intumescent char if there is silica in the ashes when
they are burned.

methacrylate (Hom (CopoP). They concluded that DHAP
is a superior grafting material because it produces a more
thermally stable residue than the other materials.
Afterward, both unmodified and modified lignin were
blended into polybutylene succinate (PBS), and the com-
bustion properties of the polymer composite were investi-
gated using pyrolysis combustion flow calorimetry (PCFC)
and thermogravimetric analysis. The findings suggested
that the pHRR decreased as the lignin content increased, but
that the effects of phosphorus grafting are not as noticeable
when compared to unmodified lignin. The results of cone
calorimeter tests, on the other hand, suggested that pHRR
decreased as the lignin content of the samples increased.
According to the results of the study, PBS-grafted lignin
has significantly lower pHRR than PBS-unmodified lignin.
It is noteworthy that the ignitability of PBS increased after
the addition of lignin, as evidenced by the reduction in the
time required for ignition. While pure PBS required 72 s to
ignite when 20 wt% unmodified and modified lignin was
added, and the time was cut in half to 37 to 42 s. Over-
all, the research conducted by Ferry et al. [104] revealed
that grafting phosphorous compounds onto lignin did not
result in a significant improvement in the fire behavior of
the PBS composite when compared to the control group. As
a result, the modified lignin caused a more rapid decrease in

HRR after ignition, which demonstrated that the phospho-
rus promoted char formation on the sample surface. As the
authors pointed out, the most noticeable difference between
unmodified lignin and modified lignin is found in the resi-
dues of the two substances. When compared to unmodified
lignin, the residue of grafted lignin is more homogeneous
and compact, which may have contributed to a greater bar-
rier effect against fire.

A study conducted by Prieur et al. [105] evaluated the
fire retardant properties of ABS polymer after incorporation
of phosphorylated lignin (P-lignin) that had been modified
with phosphorus pentoxide (P,0Os). The results proved that
the ABS/P-lignin composite has the highest char residue,
with 3.3 wt% and 17.1 wt%, respectively, when exposed to
a thermo-oxidative and an inert atmosphere. In terms of fire
performance, ABS composites containing P-lignin as well
as unmodified lignin have a shorter time to ignition when
compared to ABS composites that are pure ABS. However,
both ABS composites incorporating P-lignin and ABS com-
posites incorporating unmodified lignin had significantly
lower pHRR and THR than the control samples. Comparing
P-lignin with unmodified lignin, we found that it reduced
both pHRR (58% vs. 43%) and THR (20% vs. 13%) sig-
nificantly more effectively. Mendis and colleagues [106]
used pyridine to catalyze the reactions of lignin and diphe-
nylphosphine. Phosphorylation of lignin occurred as a result
of the esterification of acid chlorides, and phosphorus was
introduced into lignin to improve its carbon-forming abil-
ity. When 10 wt% of modified were incorporated into epoxy
composites, a 40% reduction in pHRR and a 20% reduction
in THR were achieved.

Nitrogen modified lignin

Among the nitrogen sources used in lignin modification,
melamine and urea are significant contributors. A novel
intumescent flame retardant (IFR) was developed by Fu
and Cheng [107] by using melamine modified enzymatic
hydrolysis lignin (MEHL) as the starting material. To cre-
ate an IFR system, 12 phr of microencapsulated red phos-
phorus (MRP) and 0-60 phr of methacrylic acid (MEHL)
were incorporated into ethylene propylene diene monomer
(EDPM) rubber. Evaluations were conducted on the thermal
stability and flammability of IFR and EPDM composites.
In the study, it was discovered that the addition of 12 phr
of MRP to 10 and 20 phr MEHL did not result in a sig-
nificant improvement in inflammability, except for a slight
improvement in the LOI index. FV-2 could be achieved with
the addition of 30 phr MEHL, and FV-1 could be achieved
with the addition of 40 phr MEHL. In the case of 50 phr
being added, the best results were obtained, with FV-0 being
achieved and the LOI reaching 35%. An increase in the
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Fig. 10 Different chemically modified lignin using phosphorus, nitrogen, and metal ions

number of hours worked, for example, 60 per hour, would
only slightly improve the LOI to 36%. Starting with a 40 phr
MEHL addition, no dripping can be observed, indicating
that the EDPM rubber has excellent FR and anti-dripping
properties at this level of incorporation.

Zhang et al.[108] conducted a study in which the lig-
nin was modified by urea, which was similar to the one
described above. Poly (lactic acid) (PLA) was treated with
polyphosphate (APP) and urea-modified lignin to improve
its FR properties. This resulted in the development of a novel
intumescent flame retardant (IFR) system. It was found that
using a blend of 77 wt% PLA, 4.6 wt% urea modified lignin,
and 18 wt% APP (urea modified lignin ratio: APP of 1:4)
yielded the highest LOI value of 34.5% and the highest V-0
rating possible. Furthermore, data from cone calorimeters
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indicated that PLA fabricated using this formulation had
a prolonged time to ignition, as well as the lowest pHRR
and THR values possible. Furthermore, the highest thermal
stability was observed, as evidenced by the presence of the
greatest amount of char residue. In general, urea-modified
lignin outperformed unmodified lignin in terms of flam-
mability and thermal stability enhancement, with the latter
being significantly better.

Phosphorus-nitrogen modified lignin

Owing to the synergistic effect between the elements of
phosphorus and nitrogen, phosphorus-nitrogen-modified
lignin provides even greater thermal stability and flame
retardancy to the material than natural lignin alone. Costes
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Table 6 Thermal stability and cone calorimeter measurements of composites added with phosphorus-nitrogen modified lignin (PN-lignin)
Composite T, Thax (°C)  Char Tien  pHRR THR References

(°C) residue kW/m?)  (MJ/m?)

(Wt%)

PP 324 418 0 49 1350 87.3 [110]
PP/lignin 316 472 12.5 34 382/333 76
PP/20PN-lignin 325 479 12.4 38 380 74.2
PP/30PN-lignin 361 483 21 39 360 69.7
EP 312 387 15 66 1337 110 [112]
EP/2-lignin 328 385 26 74 997 116
EP/7-F-lignin 216 364 28 64 815 107
LPMC 248  314/383 533 - - - [111]
PU 291 358 14.6 - - -
PU-5LPMC 288  359/406 17.2 - - -
PU-10LPMC 284  359/407 222 - - -
PU-15LPMC 282 360/408 244 - - -
PU-20LPMC 282 360/409 27.7 - - -
P34HB 301/353 3.5 55 526 60.4 [113]
P34HB/10A-lignin 250/320 15.2 35 432 54.6
P34HB/10MAP-lignin 300/348 149 54 348 57.8
P34HB/20MAP-lignin 300/342  20.1 68 328 53.4
P34HB/30MAP-lignin 299/340  26.3 83 301 45.8

Note: PP =polypropylene; EP =epoxy; LPMC =lignin-based phosphate melamine compound ; PU =polyurethane; P34HB =poly(3-hydroxy-

butyrate-co-4-hydroxybutyrate); MAP =melamine phosphate; T;,,

AMLR =average mass loss rate; TSR =total smoke production rate

et al. [109] grafted phosphorus and nitrogen elements onto
the lignin structure of PLA to enhance the FR properties of
the material. It has been demonstrated that modified lignin
has a significant impact on the flammability of FR compos-
ites and PLA/modified lignin composites, with this effect
being especially noticeable. Incorporation of phosphorus-
nitrogen modified lignin was also reported on several other
polymer matrices such as epoxy, polypropylene (PP), poly-
urethane (PU), etc.

Increased char residue is one of the most prominent
observations for lignin grafted with phosphorus and lig-
nin (PN-lignin). PN-lignin showed an initial degradation at
240 °C and a char residue of 61.4 wt% at 600 °C, while
unmodified lignin has initial degradation at 250 °C and char
residue of 40.7 wt% [110]. Another study by Costes et al.
(2016) reported that kraft lignin and organosolv lignin has
50 and 48 wt% residues at 800 °C, respectively, while PN-
kraft lignin and PN-organosolv lignin respectively recorded
residue of 58 and 60 wt% [102]. Dehydration action of
phosphoric acid derivatives is one of the probable reasons
that contribute to the high char residue of PN-lignin. The
high content of char could confer better thermal stability
and flame retardancy to the polymers [110].

The incorporation of PN-lignin improved the flame retar-
dancy of polymer composites. Zhu et al. (2014) reported
that pure PU has LOI value of 18.9%, which indicates the
PU sample was quickly ignited, with rapid flame propa-
gation, and a large amount of thick smoke was produced

= time to ignition; PHRR =peak heat release rate; THR =total heat release;

during the combustion process [111]. The higher the LOI
value, the better the flame retardancy of a material. In addi-
tion, melt-dripping with fire was also observed during burn-
ing. However, increased lignin-based phosphate melamine
compound (LPMC) content certainly improved the LOI
values of the PU composites. The highest LOI value of
28.3% was observed when 20% LPMC was added. It was
found that V-1 grade could be achieved when 15% and
higher LMPC were employed. A similar observation was
also reported by Zhou et al. (2020) [112] where the addi-
tion of 2 wt% PN-lignin could improve the LOI value of
epoxy composite from 22.3 to 28.3%. At the same time,
V-1 grade could be achieved [112]. When 7 wt% PN-lignin
was added, the epoxy composite could reach a V-0 grade
in the vertical burning test. Generally, the addition of PN-
lignin reduced the time to ignition (Tjy,), peak heat release
rate (PHRR), and total heat release (THR) of the compos-
ites (Table 6). Polypropylene (PP) composite incorporated
with 30 wt% PN-lignin has higher Tj,,, lower PHRR, and
THR than PP/lignin composite. The average mass loss rate
(AMLR) of PP/PN-lignin composite is also lower than PP/
lignin composite [110]. Meanwhile, the addition of 7 wt%
PN-lignin into epoxy has reduced the Tz, pHRR, and THR
of the composite. In addition, the total smoke production
rate (TSP) was also significantly reduced [112].

PN-lignin conferred superior flame retardancy to the
polymer composite compared to that of unmodified lignin.
The flame retardancy mechanism is therefore investigated
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through the analysis of char residue using digital photos
and SEM. Yu et al. (2012) observed that pure PP did not
leave behind any char residue after the cone calorimeter
test. Meanwhile, PP/lignin composite leaves a thin and
damaged char layer after combustion is done. PP/PN-lignin
composite, however, produced a thick and compact char
layer which is primarily responsible for the improved flame
retardancy. SEM photos showed that a loosely spheroidal
structure presents in PP/lignin composite, probably caused
by the volatile gases generated during the burning process.
As for the PN-lignin composite, a continuous and compact
structure was formed as a result of the strong dehydration
effect of polyphosphoric acid generated during combus-
tion. Therefore, Yu et al. (2012) concluded that the flame
retardancy mechanism in the condensed phase plays a vital
role while the compact char layer mainly contributes to the
superior flame retardancy of the PP composites [110]. Lig-
nin normally acts as a carbon source in the flame retardant
system but the effects of the addition of lignin alone are
rather limited. Owing to that, the gas source and the acid
source are required at the same time to achieve the best
flame retardancy. PN-lignin serves as an ideal candidate as it
can reduce combustibles in the gas phase as well as catalyze
carbon fixation in the condensed phase. The amino group,
on the other hand, increases the nitrogen compounds in the
gas phase products and subsequently brings down the oxy-
gen concentration, which dilutes the combustible gas and
prevents the fire from spreading [112]

piperazine-modified lignin and aluminum phosphate
as capsule materials, Zhong et al. [114] demonstrated that
piperazine could be attached to the lignin molecules and
then microencapsulated into red phosphorus FRs with
multi-level FR properties, resulting in the development of
halogen-free red phosphorus FR. Using an FR grade of ABS
composite containing 25% FR, it is possible to achieve the
V-0 level of performance. The LOI value reaches 26.1%. By
contrast, when compared to ABS resin that does not contain
an FR, the pHRR and the total smoke produced during the
combustion process of ABS are both reduced by 25.8% and
63.1%, respectively. First, the dense carbon layer catalyzed
by the phosphorus element and the ammonia gas released
by the nitrogen element must be formed to achieve halogen-
free environmental protection as well as high-efficiency FRs

Phosphorus-nitrogen modified lignin-containing metal
ions

Although phosphorus-nitrogen-modified lignin has proved
to be able to enhance the flame retardancy of polymer com-
posite, it is, however, required in high loading levels to
meet the flame-resistance standards. Therefore, the addition
of synergists or catalysts, for examples metal ions such as
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zinc (II), copper (II), and nickel acetates, has been practiced
to improve the efficiency of phosphorus-nitrogen modified
lignin [110, 115, 116]. The addition of metal ions could
enhance the smoke suppression ability and fire retardancy
of polymer composites. When metal compounds are added
to polymer composites, they work with phosphorus and
nitrogen elements to make them more fire-resistant. Even at
a low loading level, this has been shown to work [117]. The
possible mechanism is that it promotes polymer dehydro-
genation and catalyzes the char formation in the condensed
phase.

Table 7 shows the cone calorimeter measurement of lig-
nin-based composites. Three types of salt acetates, namely
nickel (Ni%*), cobalt (Co**), and zinc (Zn**) into intumes-
cent FR based on modified lignin (PN-lignin) with func-
tionalized by grafting phosphorus —nitrogen elements, to
further improve the thermal and flammability of polypro-
pylene (PP) composite[110]. In comparison to PP/PN-lignin
composite, introducing metal ions reduced pHRR and THR
of the composite. However, it noted that both cobalt and
zinc acetates did not yield obvious effects on flame retar-
dancy. On the other hand, nickel acetates have contributed
significantly to flame retardancy and shown increased char
residue and LOI.

To improve the flame retardancy of polypropylene/wood
composites (PP/WP), Liu et al. [116] grafted lignin with
phosphorus and nitrogen and coordinated it with cupric
(Cu?") ions, a metal element. After that, the functionalized
lignin (F-lignin) was mixed into PP/WP composites at vari-
ous loading levels. The addition of unaltered lignin (O-lig-
nin) to the flammability of the PP/WP composites tested with
UL-94 demonstrated no improvement in UL-94 categories.
When 15 wt% O-lignin was added, and the V-2 rating was
obtained. Meanwhile, when 15 wt% F-lignin was added, a
V-1 rating was obtained, suggesting better flame retardancy
than O-lignin counterparts at the same loading level. PP/
WP composites are highly flammable, as evidenced by their
quick ignition time and high peak heat release rate (pHRR)
of 595 kW/m? and THR of 93.9 MJ/m?, as indicated in
Table 7. The lignin addition, whether modified or unmodi-
fied, often increased the Tign time by a few seconds, with
F-lignin having a stronger effect. As a result, F-lignin can
give PP/WP composites superior FR characteristics than
O-lignin. Alkali lignin treated with phosphorus, nitrogen,
and zinc (1) ions yielded comparable results (PNZn-lignin)
[115]. Polybutylene succinate (PBS) composites added with
PNZn-lignin had reduced pHRR, THR, AMLR, and TSR
and the extent of reduction increased along with increasing
PNZn-lignin loading levels. Moreover, a significant incre-
ment in char residue was observed in the PBS composite
added with 10 wt% PNZn-lignin (54.6 wt%) compared to
that of pure PBS (9.3 wt%). The strong dehydration action
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Table 7 Cone calorimeter measurements of composites added with phosphorus-nitrogen modified lignin-containing metal ions

Composite Tign pHRR (kW/m?) THR (MJ/mz) The residue (wt%) AMLR (g/s) TSR Reference
(m*/m?)

PP/WP 18 595 93.9 8.40 0.28 12.5 [116]

PP/WP/5-O-lignin 20 611 91.5 9.61 0.039 11.7

PP/WP/15-0O-lignin 22 580 85.3 9.72 0.037 10.9

PP/WP/2.5-F-lignin 19 602 90.2 9.49 0.036 11.8

PP/WP/5-F-lignin 22 542 60.5 10.9 0.035 10.2

PP/WP/10-F-lignin 23 575 72.3 10.3 0.032 9.63

PP/WP/15-F-lignin 24 470 70.2 10.4 0.030 9.17

Pure PBS 70 500 18.8 9.3 0.060 274 [115]

PBS/2.5-0O-lignin 64 416 21.6 15.1 0.075 884

PBS/2.5-PNZn-lignin 66 447 14.4 17.8 0.053 538

PBS/5.0-PNZn-lignin 69 349 9.8 21.4 0.043 121

PBS/10- PNZn-lignin 68 244 6.1 54.6 0.028 125

Pure PP 49 1350 87.3 3.1 0.050 - [110]

PP/20PN-lignin 38 380 74.2 16.0 0.039 -

PP/20PN-lignin-Ni 31 330 69.5 22.9 0.033 -

PP/20PN-lignin-Co 37 362 72.8 18.0 0.037 -

PP/20PN-lignin-Zn 38 368 73.5 14.2 0.038 -

Note: T;,, = time to ignition; PHRR =peak heat release rate; THR =total heat release; AMLR =average mass loss rate; TSR =total smoke pro-

ign
duction rate

of phosphoric acids, the strong smoke suppression impact of
zinc (II) ions, and the high char-forming capacity of lignin
all combine to create a dense, thick, and powerful layer of
char on the composites surface, significantly reducing the
flammability and smoke emission of PBS.

Nanolignin

Nanoscale FR has seen rapid development in the past few
decades as filler in polymeric composites. Commonly, these
nanofillers do not possess good fire retardancy inherently
[118] but could improve the thermal stability and fire prop-
erties of the composite even at a very low incorporation level
[119]. According to a review by Vahidi et al. [120], common
nano FR used in polymer composites includes metallic par-
ticles, bio-based fillers, and those from the carbon family.
Common metallic particles include zinc oxide and alumi-
num tri-hydroxide (ATH). Nanolignin (LNP) falls into the
class of bio-based fillers, together with starch, protein, and
cellulose nanocrystals. Meanwhile, examples from the car-
bon family include carbon nanotube, graphene, and fuller-
ene. Thanks to their incombustible properties, nanoclays are
also a widely used FR in polymer composites. As a focus of
this paper, LNP can be applied as a source of carbon in the
system of polymer-based FR, and it has an effect in the con-
densed phase by forming char residue. Nanolignin’s main
way of working is the same as that of lignin because their
chemical structures are very close to each other. Because of
its small size, LNP has more potential than lignin. This is
because LNP can be dispersed at a nanometer level in poly-
mers, which makes it more useful [121].

The effectiveness of LNP in improving flame retardancy
and the thermal stability of polymer composites has been
proven by several researchers. Through the incorporation
of LNPs, Wang et al. [122] created a boron nitride (BN)-
OH/polyvinyl alcohol (PVA) composite film with improved
thermal conductivity, thermal stability, and flame retar-
dancy. In the experiment, 3 mL of a 10% PVA solution and
various volumes (1, 3, 6, and 9 mL) of a 1% LNP suspen-
sion were mixed (PVA/LNP). The mixture of PVA/LNP
was then gently applied to the BN-OH specimen, dried at
room temperature for two days, and crosslinked in glutar-
aldehyde at 25 °C. After crosslinking, the thermal stability
of the BN-OH/PVA/LNP composite film improved even
more, with a breakdown temperature of 310 °C compared
to 282 °C before crosslinking. The authors concluded that
the LNPs could act as a filler to fill the air voids in the poly-
mers and hence enhance their thermal conductivity. On the
other hand, Yu et al. [123] prepared a melamine-formal-
dehyde (MF) sponge with the addition of LNP and acety-
lated LNP. LNP was dissolved in a 100 mL Tetrahydrofuran
(THF)/H,0 (80:20, vol%) mixture, and the MF sponge was
immersed in the solution. Next, the THF was evaporated
and the sponge was dried in the oven. Polyurethane foam
(PUF) sponge, as control, resulted in bright and vigorous
flame when being ignited by an alcohol lamp. At the end
of burning, PUF left only a little amount of residue. Both
lignin MF sponge and acetylated MF sponge experienced a
weak flame which extinguished within 3 s, and around 70%
residues were recorded.

Chollet et al. [124] made LNP from microparticles of kraft
lignin (LMP). Diethyl chlorophosphate (diet) and diethyl
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(2-(triethoxysilyl)ethyl) phosphonate (SiP) were utilized
to functionalize LNP and LMP, which were subsequently
employed to prepare PLA composites. Using the cone calo-
rimeter test at 35 kW/m?, showed that the pHRR did not
show a significant reduction when unmodified lignin was
used, regardless of lignin particle size. It was reported that a
reduction of 10% in pHRR was only observed when 20 wt%
LMP was added. The findings suggested that the incorpora-
tion of unmodified lignin particles did not lead to any sig-
nificant improvement in thermal stability and fire properties
of polylactic acid. Nevertheless, the application of phos-
phorylated lignin seems to provide promising improvement
in terms of fire behavior, particularly lignin functionalized
with SiP. When comparing LMP and LNP, nano-scaled LNP
remains effective in terms of FR effect even at a relatively
modest loading level of 5 wt%. Prolonged ignition time of
84 s and 11% reduction in pHRR was recorded.

Improvement of mechanical strength of
lignin-based FR composites

One of the drawbacks of incorporating modified in the poly-
mer composite is their reduced mechanical strength, prob-
ably due to poor interfacial adhesion between lignin and the
polymer matrix. Zhou et al. (2020) reported that the tensile
strength of epoxy composites declined when modified lig-
nin was added [112]. After the addition of 7 wt% PN-lignin,
the tensile strength, tensile-elasticity modulus, and elonga-
tion at the break of the epoxy reduced by 56.8%, 33.8%,
and 4.7% compared to that of the pure epoxy. A similar
observation was also reported by Zhang et al. (2012) where
PLA composite added with urea-modified lignin displayed
reduced tensile strength and elongation at break [108]. Uni-
form dispersion of lignin-based FR in the polymer matrix is
often an issue to be solved [125]. Unmodified lignin often
formed an agglomeration in the polymer matrix and led
to reduced flame retardancy. Chemical modification could
only solve the issue partially as only a small quantity of
flame retarding moieties can be added to lignin [16]. As a
result, inferior mechanical strength, flexibility, and ductil-
ity was observed when a high loading level of lignin-based
FR was used. On that account, several works as shown in
Table 8 have emphasized improving the flame retardancy of
the composite without compromising much on the mechani-
cal properties.

@ Springer

Comparison between commercial lignin and
modified lignin

Different technical lignins as FR were compared by Wid-
sten et al. [129]. Commercial softwood kraft lignin (KL),
CatLignin (CL), and hydrolysis lignin (HL) were chemically
modified using different ways. CatLignin is lignin prepared
by heat treatment of kraft black liquor. This technical lignin
was chemically modified by Mannich reaction, acetylation,
and phosphoric acid (H;PO,)+urea. The flame retardancy
performance of the melt-blended composite containing 70%
PP and 30% lignin was evaluated. The results revealed that
PP composites with unmodified KL showed no significantly
lower PHR and THR compared to pure PP. Meanwhile,
unmodified CL and HL composites had 18-25% lower PHR
and THR compared to that of pure PP. In addition, no char
was observed for KL composite while some chars were
observed for CL and HL composites. More interestingly,
APP/CL and APP/HL composites exhibited lower PHR and
more char residue compared to APP/pentaerythritol (PER)
composites, indicating CL and HL could be a potential sub-
stitution for PER in the APP/PER intumescent system.

As for lignin modified with Mannich modification, PP/
KL-M and PP/CL-M had 21-24% lower PHR and THR
compared to unmodified PP/KL and PP/CL composites.
PP/CL-M composites performed the best as they had 41%
lower PHR and 36% lower THR compared to that pure
PP. Acetylation, on the other hand, provided very limited
effects on HL and CL, but showed a rather significant effect
on KL. PP/KL-A composites have better flame retardancy
than KL and APP/KL composites. Hydroxyl groups of the
lignin before and after acetylation showed a high degree of
acetylation. The only high number of aliphatic hydroxyls
remained in HL. Lignin functional groups such as hydroxyl
and carboxyl content were determined based on the lignin
phosphitylation procedures specified in Granata and Argy-
ropoulos [130]. Next, the solution was then subjected to 31P
NMR on a Bruker 500 MHz NMR spectrometer at room
temperature. Treatment with phosphoric acid+urea led to
unsatisfactory improvements in PHR and THR in compari-
son with lignin modified with Mannich modification and
acetylation.

Challenges and future perspective

Overall, because of its high charging capacity, lignin has a
promising future as an intumescent FR system, particularly
in the construction and building industry. The global lignin
market, which is expected to reach USD 770 million in 2020
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Table 8 Literature on improv?ng both Matrix  Formulation Main findings References
ﬂame retgrdapcy and mechanical prop- Polylac- Lignin-based FR was LOI value of PLA was 18.2% and no rating in [126]
erties of lignin-based FR composites ticacid prepared by reacting ~ UL-94 test with serious melting dripping. After
(PLA)  between -P-H group the addition of 25% FR, the LOI value increased
of 9,10-dihydro-9- to 25.9% with no melting dripping. Addition of
oxa-10-phos- 4% TGIC could further improved the LOI value to
phaphenanthrene- 28.6% and achieved V-0 grade in UL-94 test.
10-oxide (DOPO), Introduction of TGIC has initially improved the ten-
-NCO group of MDI  sile strength of the composites but then decreased
and -OH group of at higher TGIC content. Introduction of TGIC also
lignin improved the impact strength of the composite.
Then the lignin-based The improvement was mainly due to the enhanced
FR were blended interfacial interaction between wood powder, lignin-
together with wood based FR and PLA matrix, via the in situ reaction
powder, PLA and tri-  between epoxy groups of TGIC, end group of PLA,
glycidyl isocyanurate  -OH group of wood powder and -NH group of
(TGIC) to produce lignin-based FR.
composite
Acrylo- Industrial alkali lignin ABS/Lignin-N-P NPs composite exhibited enhanced [127]
nitrile-  was modified with thermal stability and flame retardancy with accept-
buta- diethyltriamine via able processability and mechanical properties due to
diene-  Mannich reaction better dispersibility and compatibility
styrene  (Lignin-N), and then =~ The improvement in flame retardancy was due to
copo- self-assembled with more smoke and CO production during the combus-
lymer red phosphorus to tion of ABS/Lignin-N-P NPs composite, promot-
(ABS)  obtain N/P-containing ing the consumption of hydroxyl radical from the
lignin nanoparticles blends, generating CO,, and consequently achieving
(Lignin-N-P NPs). an effect of gas-phase flame-retardant.
In addition, a thick and compact char layer was
observed in ABS/Lignin-N-P NPs composite
and was also responsible for the improved flame
retardancy.
Poly- Lignin nanoparticles ~ Nano-FL produced has good uniformity and excellent [128]

urethane were functionalized by
elastomersnitrogen-phosphorus
grafting reaction (nano- quently improved the dispersion and compatibility of

(PUE)

solubility. As a result, more hydrogen bonds and
chemical crosslinks could be formed and conse-

FL). Then nano-FL was nano-FL in PUE.

prepared by solvent
exchange followed by

ultrasonication.

PUE was prepared by

As a result, PUE/nano-FL has a high LOI value, V-0
rating, accompanied by improved tensile strength,
good toughness, and anti-UV performance.

A compact and dense char layer acted as a thermal

partial substitute polyol insulated barrier to keep away the gaseous products.

with nano-FL.

PUE/nano-FL has a higher tendency to generate
graphite carbon and release ammonia gas that confers
better flame retardancy to the PUE.

and grow at a compound annual growth rate (CAGR) of
over 5.5% between 2021 and 2027 [21], indicates that there
is increasing demand for an abundance of lignin through-
out the world. Aside from the applications covered in this
review, a small number of researchers throughout the world
have expanded the use of lignin in the production of FR tex-
tiles to include other applications [131]. This will undoubt-
edly broaden the range of lignin’s potential applications as
an FR.

The current lignin-based FRs and their polymer compos-
ites face some challenges, despite their many advantages.
One of the most difficult challenges in achieving uniform
dispersion of lignin in the polymer through physical blend-
ing, is frequently difficult to achieve. Nonetheless, lignin

modifications to improve its compatibility with polymer
matrixes may be able to resolve this issue in the future [96].
Meanwhile, Xiao et al. [132] have identified some additional
challenges as well as future research that needs to be carried
out. According to the authors, when lignin is combined with
other substances, it is difficult to maintain control over the
ratio and amount of each ingredient added. Considering that
a small amount of addition will have an impact on the FR
effect and a large amount of addition will have an impact
on the physical properties of the material, determining the
optimal ratio and dosage will be an important part of future
research in this area. Second, although the method of chemi-
cally modifying lignin can produce a more effective FR
effect, it is more expensive. However, because the process
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is relatively complex, it is recommended that the process
flow be simplified and that environmental improvements
be implemented. Thirdly, the structure of lignin should be
rationally designed to improve the flame retardancy of lig-
nin while also endowing it with multiple functions such as
antibacterial and dyeing properties, among others.

Concluding remarks

Functionalization of lignin as a bio-based FR for the fab-
rication of long-lasting and polymeric materials with high
performance has become a prominent and promising topic
in the last decade. The proclivity of lignin to produce sub-
stantial char residues during thermal breakdown improves
the flammability of finished polymer composites when
it operates in the condensed phase. Lignin structures that
correlated with thermal properties such as Tg may be non-
uniform because of different extraction methods and lignin
sources. In general, the extraction method of lignin can be
distinguished into two types: sulfur-free and sulfur-bearing
processes. The sulfur-free process collected kraft and lig-
nosulfonates while sulfur-bearing obtained organosolv and
soda lignin. Typically, organosolv lignin has low Tg con-
tent than kraft lignin. However, the utilization of pristine
lignin faced some limitations in the final polymer specially
to meet industrial requirements tests. Besides, simple physi-
cal blending generally fails to address the uniform interfa-
cial interaction and dispersion of pristine lignin inside the
polymer matrix. Therefore, chemical modification of lignin
by introducing nitrogen and/or phosphorous is required to
improve the utilization of lignin as FR. Moreover, nano-
scale of lignin can reduce large agglomerates in the polymer
matrix as one obstacle of pristine lignin that can inter-
fere with the efficiency of flame retardancy. A substantial
improvement in the FR behavior is achieved with the use
of modified lignin or lignin on the nanoscale. Lignin can
be applied as FR in two different ways: reactive (chemical
alteration) and additive (melt-blending process) while the
additive process is more popular in industrial processes due
to cost efficiency. Eventually, FR must analyze according
to standard tests for flame retardancy such as UL94, LOI,
PCFC analysis, and cone calorimetry. In general, industrial
standard requirements of FR such as V-0 rating in UL94
and LOI>28% can be achieved after lignin modification.
Among these, lignin has the potential to be utilized as an FR
in industrial processes while being cost-effective. However,
the modification process is a challenge that the researcher
must investigate.
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