Volume 26
Number 19
7 October 2024
Pages 9927-10352

Green
Chemistry

Cutting-edge research for a greener sustainable future

rsc.li/greenchem

\* — e —

ISSN 1463-9262

™ LOYAL SOCIETY PAPER

Saba Khodavandegar and Pedram Fatehi
“ OF CHEMISTRY Phytic acid derivatized lignin as a thermally stable and flame
retardant material ANNIVERSARY




7® ROYAL SOCIETY

Green Chemistry «w OF CHEMISTRY

View Article Online

View Journal | View Issue

Phytic acid derivatized lignin as a thermally stable

{ '.) Check for updates ‘
and flame retardant materialt

Cite this: Green Chem., 2024, 26,

10070 | P
Saba Khodavandegar® and Pedram Fatehi 2 **

Phosphorus-containing flame retardants have attracted attention due to their outstanding flame retar-
dancy, enhanced thermal stability, and limited toxic smoke emission. Bio-based phosphorus-containing
flame retardants could be excellent options to impart environmental benefits, renewability, and sustain-
ability to these materials. Lignin is an underutilized but abundant and sustainable material that can be
used to serve this purpose. In the present work, a lignin-derived flame retardant was produced following
the facile solvent-free polycondensation reaction of kraft lignin (KL) and phytic acid (PHA) at a low temp-
erature in an aqueous system. The optimized conditions for this reaction were 1/0.4 mol/mol KL/PHA, pH
11, 20 °C, and 20 min. By utilizing advanced NMR (H, P, and HSQC), XPS, and FTIR techniques, the
covalent bonding of the phosphorus of PHA with the oxygen of aliphatic and aromatic hydroxyl groups of
KL was confirmed. C-P-O and P-O-P bonds provided high decomposition temperature (Tmax), high
glass transition temperature (Tg), and char formation in the product. The presence of phosphorus atoms
was observed on the combusted material by EDS mapping and EDX, illustrating the increase in the inten-
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sity of this element after combustion at 800 °C. The results of this work provided a new approach for pre-
paring a fully bio-based flame-retardant with limited smoke density (i.e., a decrease from 34% for KL to
17.7% for modified KL) and a higher limiting oxygen index (i.e., an increase from 21.8% for KL to 26% for
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Introduction

Flame-retarding materials have extensive use in industry to delay
or prevent the spread of fire."” They are necessary for sectors
where the fire risk is high and safety is paramount, such as con-
struction, textile, painting, etc., specifically where wood structures
are available. Wood is a renewable and eco-friendly material with
aesthetics, strength, and cost advantages, and it has been used
extensively in various industries, such as interior design, con-
struction, and furniture.®> However, its flammability restricts its
use in many areas.” Applying a flame retardant via coating the
wood surface is recognized as an efficient and environmentally
friendly method to shield wood products from fire.>

Chemicals, such as halogenated, nitrogen-containing,
silicon-containing, and nano-metric compounds, are the
major types of fire retardants.® However, these flame retard-
ants have been proved to possess detrimental environmental
and health effects, such as their persistence in nature for a
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modified KL) following a green chemistry concept.

long time and potential carcinogenicity.” Earlier, halogen-
based flame retardants, polychlorinated biphenyls (PCBs), and
brominated flame retardants (BFRs), such as penta- and octa-
bromodiphenyl ether and hexabromocyclododecane, were
used due to their efficiency in interacting with fabrics and bio-
polymers.® However, their use was restricted due to generating
toxic and corrosive gases when burned, which is dangerous for
humans, animals, and the environment.” Mineral flame
retardants, such as aluminum trihydroxide, are particularly
effective in reducing fire risks and, hence, are frequently uti-
lized. Nevertheless, their low efficiency requires their signifi-
cant quantity to be used to attain the desired increased fire
retardancy in materials.’® Therefore, there is a need to
produce safer and more effective flame retardants that fulfill
environmental and health requirements. Considering environ-
mental protection and human safety, halogenated flame
retardants have been suggested to be replaced by bio-based
phosphorus materials."* In this context, phosphorus-contain-
ing biomacromolecules have been assessed as sustainable
flame retardants.'® For example, phosphorus-containing flame
retardants were reported to promote carbonization, dehydro-
genation, and the creation of physical protective layers via
radical-capturing char formation."?

Phosphorylated flame retardants are known for their lower
toxicity and reduced environmental persistence compared to

This journal is © The Royal Society of Chemistry 2024
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their traditional counterparts. Additionally, they exhibit
efficient flame-retardant properties without releasing harmful
byproducts during combustion.’ In contrast, halogenated
flame retardants, while effective, are often associated with
higher levels of corrosivity and toxicity with environmental
concerns. Moreover, they are mostly derived from non-renew-
able resources and may not leave significant carbon residue
due to the presence of less carbon in their structure to make a
char layer.” These facts underscore the growing preference for
phosphorylated flame retardants in applications where health
and environmental safety are paramount.

Lignin, among other biopolymers, has received significant
attention due to its three-dimensional structure, vast avail-
ability,"* and biodegradability.'® Lignin is an amorphous bio-
polymer of polyphenolic molecules with many functional
groups, including hydroxyl, phenoxyl, carbonyl, methoxyl, and
carboxyl.’® In the past, lignin was modified to be used in drug
delivery,"” antimicrobial,’® thermal insulating,'® flocculant,
dispersant,*® and biosensor applications.>! Lignin can also be
used as a flame retardant because of its active functional
groups, aromatic ring, and ability to form char.>> However, it
cannot be used in pristine form as a flame retardant because
of its low fire resistance.>® Interestingly, lignin can be modified
to improve its flame retardancy and fire resistance. Generally,
chemical reagents containing halogens, nitrogen, silane, and
phosphorus elements are used to improve the flame retar-
dancy of materials.>**” Among these elements, phosphorus
with different oxidation states from 0 to +5, which reacts differ-
ently with organic and inorganic materials, is a suitable
alternative for mimicking lignin flame retardants and fire
resistance.”®

Phytic acid (PHA) is an eco-friendly organic acid and bio-
compatible material widely available in plants.*® PHA is con-
sidered an excellent flame retardant because of the six phos-
phate groups present in its structure, which produces a char
layer when burned to protect the material underneath it.*°
Interestingly, the phosphorus element in the phytic acid struc-
ture is active and covalently bound to the active functional
groups, resulting in excellent flame-retardant efficiency.>*> In
the past, phytic acid was used along with chitosan, silane sol,
and collagen to produce flame-retardant materials. However,
phytic acid was primarily blended physically with these
materials.*** Consequently, it tended to leach out from the
blends due to a lack of chemical bonds, which could affect the
mechanical properties and processability of the products.®
Also, PHA was used as a flame retardant to coat textile
materials. Still, as it is soluble in water, the flame-retardant
properties of the textile were reduced by washing the textile
materials.’” In this regard, PHA would be more effective if it is
covalently bound to the material, as it can have a permanent
flame retarding effect.

In previous studies, the modification of lignin was carried
out mainly using different phosphorus reagents, for example,
ammonium dihydrogen phosphate (NH,H,PO,), phosphorus
pentoxide (P,Os), phosphoric acid (H;PO,), 9,10-dihydro-9-oxa-
10-phosphaphenanthrene-10-oxide (DOPO), 0,0-dialkylthio-
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phosphoric acids, and sodium 3-chloro-2-hydroxypropyl
phosphate.*®™**> However, phosphorus reagents, such as DOPO,
need a high temperature to be activated for reaction.*®
Generally, phosphorylation is conducted in the presence of
urea and tetrahydrofuran (THF) to prevent its degradation at
high reaction temperatures.’® Interestingly, it was observed
that the number of phosphorus atoms in a biomaterial is
directly correlated to its flame retardancy.*” Compared with
the above-mentioned reagents, not only is the large number of
phosphorus atoms with OH active sites in the PHA structure
considerable, but also its eco-friendliness makes PHA a better
option to achieve phosphorylated kraft lignin.*® Interestingly,
this modified lignin can be used for different applications,
such as coating wood.

This work reported the modification of kraft lignin with
CeH1530,4P6, PHA, a bio-based reagent, in a facile solvent-free
reaction at a low temperature to produce a novel reactive bio-
based flame retardant. This work aimed to optimize the reac-
tion conditions to generate phosphorylated lignin with excel-
lent flame retardancy. Moreover, the chemical properties of
the fabricated lignin derivative were comprehensively analyzed
by advanced techniques, such as 'H NMR, *'P NMR,
HSQC-NMR, XPS, ICP-AES, SEM, TGA, and DSC. Also, smoke
density and limiting oxygen index analyzers were used to inves-
tigate the flame retardant behavior of modified lignin for
wood and paper samples.

Experimental
Modification of lignin via phosphorylation

The modification reaction used phytic acid sodium salt
hydrate (PHA) as the phosphorylating reagent. In each reaction
setup, KL with a molecular weight of 180 g mol™" (1.5 g) was
dispersed in deionized (DI) water (25 g L"), and the pH of the
mixture was adjusted to 12 using 1 M NaOH. The mixture was
stirred for 24 hours at room temperature to complete the
deprotonation. Different concentrations of the reagent (PHA)
were dispersed in 30 mL of deionized water. Then, the mix-
tures were added to the KL solution to make different molar
ratios of KL/PHA solutions. Afterward, the mixtures were trans-
ferred to three-neck round-bottom flasks in a water bath with a
reflux condenser. Upon completion, the reaction mixtures
were cooled to room temperature, neutralized with 1 M H,SOy,
and purified for 48 hours via a dialysis membrane in DI water
to remove unreacted reagents and salts. The product was then
dried at 60 °C in an oven. The product of this reaction, phos-
phorylated lignin, was denoted as PK. This experiment was
repeated under different conditions of KL/PHA molar ratios of
1:0.02, 0.06, 0.16, 0.2, 0.3, and 0.4, pH values, solvents (DI
water and urea), time (20-240 minutes), and temperature
(20-80 °C) to optimize the modification reaction. The pH was
adjusted using 1 M NaOH solution and 1 M HCL. In strategy
one, the pH dropped to 3 after adding the reagent, the reaction
was exploited, and the samples were neutralized and dialyzed
after the reaction. In strategy two, the pH of the reaction was
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adjusted to 11 after adding the reagent, and the reaction ran at
pH 11. Afterward, the reaction medium was neutralized and
dialyzed. A control sample (CK) of KL was produced following
all steps outlined in the reaction, pH adjustment, purification,
and drying procedures stated above in the absence of PHA.

Charge density, solubility, elemental analysis, and molecular
weight measurements

The charge density of PK samples was determined using a par-
ticle charge detector (PCD 04, BTG Miitek GmbH, Germany)
using a 0.005 mol L™ PDADMAC solution as the titrant. The
solubility of the samples was measured according to the
process described previously.”> The organic elements of the
samples were analyzed using an organic elemental analyzer,
Vario EL, following the combustion method.>® The molecular
weight of the samples was investigated via gel permeation
chromatography (GPC, Malvern GPCmax VE2001 Module +
Viscotek TDA305 with multi-detectors) with the columns of
PolyAnalytic 206 and PAA203.

'H, HSQC, HMBC, and *'P NMR analyses

The chemical structure of lignin samples was characterized by
proton nuclear magnetic resonance ("H NMR) and two-dimen-
sional heteronuclear single-quantum coherence NMR (HSQC),
and for phosphorus element analysis, "H->'P HMBC measure-
ments were performed using a Bruker Avance spectrometer at
room temperature.

3'p NMR spectroscopy was catried out quantitatively and
qualitatively. Quantitative *'P NMR analysis assessed the
content of phenolic hydroxyl, aliphatic hydroxyl, and carboxyl
groups of KL and PK17.%"

FTIR analysis

The FTIR analysis of KL and PK samples was carried out to
monitor the chemical structures of the samples using a Bruker
Tensor 37 instrument (Germany, Germany, ATR accessory).

XPS and ICP-AES analyses

The surface chemical composition was determined by X-ray
photoelectron spectroscopy using a photoelectron spectrometer
(XPS, Escalab 250XL", Thermo Fisher Scientific, USA). The phos-
phorus content of the samples was determined by inductively
coupled plasma-atomic emission spectrometry (ICP-AES).

Thermal analysis

Thermogravimetric analysis (TGA) was performed to investi-
gate the samples’ thermal response in a thermal analyzer (TGA
11000, Instrument Specialists Inc.).

Differential scanning calorimetry (DSC) was performed to
estimate the glass transition temperature (T,) of KL and PK in
a differential scanning calorimeter (DSC Q2000, TA
Instruments, DE, USA).

Flame retardant behavior analysis

For flame retardant behavior analysis, wood and filter paper
samples were first coated with KL and PK17 solutions. Before
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coating, the wood samples were washed with ethanol, rinsed
with DI water, and dried at 60 °C for 2 hours. Three different
concentrations (1, 2, and 3 wt%) of KL and PK17 were diluted
in deionized water and labeled KC1, KC2, and KC3 for KL-
coated wood and PC1, PC2, and PC3 for PK17-coated wood
and UW for uncoated wood, respectively. The wood samples
were immersed and dip-coated in solution at 60 °C for
4 hours. After coating, each sample was dried at 60 °C until
reaching a stable weight. To further analyze the flame retard-
ant behavior of PK17, the filter paper was immersed and
coated with 3 wt% PK17 and dried at 60 °C.

The fire resistance behavior of the samples was measured
using a limiting oxygen index (LOI) analyzer (Netzsch Taurus
Instrument, Germany) according to the ASTM D 2863 stan-
dard. The static smoke release of coated wood was tested using
a smoke detector instrument (Smoke Density Advanced
Instruments Co., Ltd, AIC-2843) according to the ASTM D2843
standard.

Morphological study of burned wood

Scanning electron microscopy (SEM) was used to analyze the
surface morphology of the wood samples after the flame retar-
dancy test. Specifically, after burning the wood samples in the
smoke density analyzer, the burned samples were collected,
and the morphologies of char formed on uncoated wood
(UW), coated wood with KL (KC), and coated wood with PK17
(PC) were analyzed using SEM. Also, PK17 and KL before and
after combustion at 800 °C by TGA were collected and analyzed
by FE-SEM; Hitachi Su-70 with a voltage of 5 kV. Also, the
surface element mapping and elemental analysis of the
samples were carried out by energy dispersive spectroscopy
(EDS) and energy-dispersive X-ray spectroscopy (EDX) at a
voltage of 200 kV, where the samples were coated with gold
and carbon glue. The details of characterization are available
in the ESI.{

Results and discussion
Solubility, charge density, and molecular weight

Solubility, charge density, and molecular weight measure-
ments were carried out for reaction optimization to obtain the
modified lignin with the highest phosphorylated group, and
the results are reported in Table S1 in the ESIL.} The effect of
different molar ratios of the reagent is illustrated in this table
and Fig. 1a-d. When the molar ratio of PHA increased from
0.02 to 0.4, the phosphorus (P) content, charge density, and
molecular weight of phosphorylated lignin were increased
from 0.8% to 4.4%, —1.8 mmol g~ to —4.3 mmol g, and
3900 g mol™" to 4560 g mol ', respectively. Because of the
presence of hydroxyl groups in KL and PHA, a further incre-
ment in the molar ratio would cause crosslinking of the P-OH
groups of PHA and the OH of KL to make P-O-P and P-O-C
bonds during the reaction.’® This crosslinking will cause a
decrease in solubility (occurring when the molar ratio > 0.3).
The elemental analysis results in Table S2 (ESIt) show that by

This journal is © The Royal Society of Chemistry 2024
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and temperature (c, PK11, PK17-PK19) on the reaction. The effect of the

molar ratio on molecular weight (M,,) and phosphorus content (d, PK1-PK6).

increasing the molar ratio of KL/PHL, the carbon and hydro-
gen contents decreased from 62.7 wt% for KL to 42.44 wt% for
PK6 and from 6.9 wt% for KL to 5.37 wt% for PK6, respectively,
which is attributed to the attachment of phosphorus to the KL
backbone. The ICP-AES and XPS analyses confirmed the incre-
ment of the P element in the PK by increasing the PHA molar
ratio in the reaction medium (Table S27). The sulfur content of
KL was less than 1.2 wt%, which can originate from its intro-
duction to lignin during kraft pulping and the acid-washing
treatment in the LignoForce process for producing KL in
industry.>

The results show that time and temperature did not have a
significant influence on the charge density and solubility of
the resulting PK (Fig. 1b and c). The effect of the molar ratio of
KL/PHA was investigated, and the results are available in
Fig. 1a, d and Table S1.1 Increasing the molar ratio decreases
the pH of the reaction medium as PHA is acidic, promoting
the aggregation and protonation of KL, resulting in a reduction
in solubility. In addition, the activities of the hydroxyl and
phosphate ions are pH dependent.>*>> Higher PHA concen-
trations facilitate a pH drop and suggest that the phosphate
groups start to crosslink among themselves instead of reacting
with KL because PHA is more active under acidic conditions,
which would increase the average molecular weight of PK
(Fig. 1d).>® Also, the aggregation of KL would decrease the
reactivity of OH groups and its solubility due to its protonation

This journal is © The Royal Society of Chemistry 2024

under acidic conditions. This phenomenon will transform
fractal-like KL into closed-packed aggregates, which would
cause less solubility and phosphorylation.”” The effect of pH
on the reaction efficiency was also investigated at the KL/PHA
ratio of 1:0.4 mol: mol (PK6 and PK7 in Table S1t). The
results confirmed that the reaction under alkaline conditions
was preferred as the PK was produced with a higher solubility.
In the pH range of 9-11, hydroxyl and phosphate groups
would actively compete to interact with KL and promote
different crosslinking scenarios, such as monophosphate,
phosphodiester, and orthophosphate.>®

Also, the effect of urea (as a solvent of the reaction) was
studied at three reaction temperatures, and the results are
reported in Table S1.T In earlier research, urea was utilized not
only as a solvent but also as a degradation inhibitor of the
lignin structure at high reaction temperatures (>90 °C), as the
phosphorylation was primarily studied in the high-tempera-
ture range of 90-120 °C.>° However, our results confirmed that
urea did not significantly affect the phosphorus group, charge
density, and solubility of the induced phosphorylated samples
(PK7 and PK8).

The reaction experiments confirmed that the optimized
conditions for generating phosphorylated samples, PK17, with
the highest molecular weight (M,,) of 4800 g mol™", solubility
of 97%, and charge density of —4.2 mmol g~ were the KL/PHA
molar ratio of 1:0.4 (mol: mol), water as the solvent, 20 min

Green Chem., 2024, 26, 10070-10086 | 10073
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reaction time at 20 °C and pH 11 (i.e., strategy 2), and this
sample was selected for further analysis.

NMR characterization

"H NMR was used to characterize the chemical structures of
PK17 and KL. The spectra in Fig. 2 show the structures of KL
and PK17. In the KL spectrum, the protons of phenolic and ali-
phatic hydroxyl groups are at chemical shifts of around 8.7 (a)
and 5.5 (g and g’) ppm, respectively. After the modification,
both hydroxyl groups participated in the reaction and dis-
appeared from the spectrum of KL. The aromatic protons of
the guaiacyl unit show a broad peak in the 7.5-6.1 ppm range
(b and b’). The intense peaks at 4.1-3.1 ppm are associated
with the protons of methoxyl groups on the lignin structure (c-
e). Three strong peaks at 4.70, 2.5, and 0 ppm belong to D,O,
DMSO, and TMSP, respectively, which were used as solvents
for sample preparation and the internal standard. Also, two
characteristic peaks in the PK17 spectrum at 4.5 and 4.2 ppm
were ascribed to the PHA protons, confirming the success of
phosphorylation.®® Fig. S1a in the ESIf shows the "H NMR
spectra of the samples at different molar ratios of KL/PHA in
the reaction. By increasing the molar ratio of KL/PHA, both
aromatic and aliphatic hydrogens decreased due to their par-
ticipation in the reaction, and more phosphorus atoms were
attached to the KL backbone. In addition, the intensity of the
peaks in the range of 4-4.7 ppm was increased, which showed
the presence of protons on phosphorus groups. By increasing
the molar ratio of KL/PHA (PK1 to PK6 in Fig. S1at), two peaks
in the 1-4 ppm region had a slight decrease due to the cross-
linking of the hydroxyl group of phosphorus groups.
Quantitative *'P NMR spectroscopy was carried out to
confirm the chemical structures of KL and PK17 samples, and
the results are shown in Fig. 3 and Table 1. This analysis pro-
vided quantitative information on the concentration of each
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hydroxyl group of lignin participating in the reaction. The
cyclohexanol peak (internal standard) appears at 144.8 ppm.
The decrease in the aliphatic, phenolic, and carboxylic
hydroxyl groups proved that these groups participated in the
modification reaction. A significant drop in the amount of
phenolic hydroxyl groups from 3.33 mmol g~* to 0.63 mmol
g~ confirmed the high activity of phenolic hydroxyl groups in
KL and phosphorylation at this site by polycondensation.®’
After the phosphorylation of KL, the aliphatic hydroxyl group
decreased from 1.72 mmol g~ for KL to 0.63 mmol g~* for
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Fig. 2 IH NMR spectra of KL and PK17. Shaded peaks are identified as described in the text.
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Table 1 The OH functional group content (mmol g™3) obtained via quantitative 3'P-NMR analysis (Fig. 3)

Sample Aliphatic OH Phenolic OH Cs-substituted Guaiacyl OH p-Hydroxyphenyl Carboxylic acid
name (mmol g™*) (mmol g™ (mmol g™) (mmol g™ OH (mmol g™) OH (mmol g ™)
KL 1.72 3.33 1.5 1.6 0.11 0.41

PK17 0.63 0.71 0.29 0.39 0.02 0.06

PK17. In addition, there is a significant drop from 0.41 mmol
g~ to 0.06 mmol g~" for carboxylic hydroxyl content, inferring
that the reaction happened on the aliphatic, aromatic, and car-
boxyl hydroxyl groups. The sharp peak in the phenolic
hydroxyl region is for PHA’s hydroxyl groups, confirming the
successful phosphorylation reaction.

The qualitative *'P NMR spectra of KL, and PK17 are shown
in Fig. 4. No peak can be characterized for KL, inferring that
KL did not have any phosphorus-containing group. Based on
previous studies, *'P NMR of PHA was assigned to four
different peaks at 1, 0.5, 0, and —0.8 ppm.®*> As explained
earlier, the phosphorylation of lignin could happen on ali-
phatic, phenolic, and carboxylic hydroxyl groups. In addition,
an esterification reaction and crosslinking could occur
between phosphate and hydroxyl groups, resulting in a chemi-
cal shift from 5 ppm.**®® Fig. S1b in the ESI{ shows the *'P
NMR spectra of PK generated at different molar ratios, and by
increasing the molar ratio of KL/PHA, the intensity of *'P NMR
peaks increased. At a higher KL/PHA molar ratio than 1:0.16
(mol: mol), PK started to exhibit different crosslinking types
(phosphate (a), orthophosphate (b), and phosphodiester (c)),
especially type c, that had lower solubility (Table S17).

HSQC NMR was used to understand the changes in the
structure of lignin, and the "H-">C HSQC spectra of KL and
PK17 are displayed in Fig. 5a-d. The detailed structures of
signal assignment for each bond of aromatic (§c/6y 100-140/

b O_P_O_ITZO
OH OH
e
}
0:1’>—011
c \
i
0:1"—011
o
dn \ \
PK17_ N N

wilernd A iAo

6.1-7.9), aliphatic (6c/8y 45-100/3-5.6), and side chain (5¢/5y
10-60/0.2-2.8) groups are shown in Table S3.f % In Fig. 5a
and b, the aromatic region, G-type structure, appears in both
KL and PK17, implying that no degradation of KL happened
after modification.®® In addition, Fig. 5c shows the aliphatic
region in both KL and PK17.%” The large area in Fig. 5d and e
belongs to C-H in -OCH; (methoxy) in the aliphatic region
(6c/6y 57.3/3.7). Two linkages of B, (6c/6y 72.7/3.7-4.1) and By
(6c/dy 55/3.2) disappeared and cleaved after modification
(PK17 compared with KL), which can be attributed to the
crosslinking or polycondensation of the hydrogen element of
these linkages during modification.®®

Due to the proton transferring effect of aromatic groups on
the lignin backbone, the aromatic region does not correlate in
the HSQC NMR spectra. This behavior was more vital when the
sample was prepared in D,0, as exchangeable protons such as
hydroxyl groups increased the typical widening in the reso-
nances.®® A detailed study was conducted in D,O because phos-
phorus groups were not detectable in DMSO due to the high
polarity and less solubility of PK17.%® Fig. 5f shows the presence
of a new linkage of lignin with PHA based on the four different
protons and their correlation with carbons on the PHA struc-
ture.”” The HSQC NMR spectrum of PHA is shown in Fig. $2.1 It
is observable that the linkages of PHA mostly appear in the ali-
phatic region of KL (6c/6y 75-85/3.5-5). These linkages were not
detectable for the sample prepared in DMSO due to the high
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Fig. 4 Qualitative 3'P NMR of KL and PK17.
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Fig. 5 HSQC NMR spectra (a and d) of KL, (b and e) PK17 in DMSO, (c) aliphatic region of both KL and PK17 in DMSO, and (f) PK17 in D,O.

negative charge density around the nucleus and the high oppo-
site magnetic field around the copolymer, which will provide a
great shield covering the linkages in this region. Due to this
shielding, '"H->'P HMBC NMR was used (Fig. S31). The P and H
linked to the same C on the 6-membered ring were detected by
the cross-peaks on the HMBC spectrum.”" These findings show
that the skeletal structure of lignin was preserved during phos-
phorylation, which might be attributed to the moderate reaction
conditions.”?

FTIR analysis

The FTIR spectra of KL and PK17 are shown in Fig. 6. The
characteristic bands in KL were comprehensively determined

10076 | Green Chem., 2024, 26, 10070-10086

in previous studies.”® The O-H aliphatic and aromatic stretch-
ing vibration groups show a broad transmittance band at
3400 cm™" (region a). After phosphorylation, the band inten-
sity decreased, which could prove the participation of these O-
H functional groups in the phosphorylation reaction. The ali-
phatic C-H stretching vibration of methyl and methylene
groups showed transmittance bands at around 2930 cm™' and
2830 cm™" (region b). The phenylpropane monomer bands in
KL were established at 1591 cm™, 1510 cm™*, and 1450 cm ™,
which are assigned to the stretching vibrations of the C-C
bonds. However, the intensity of these peaks after modifi-
cation decreased (region c). Both ether bands of C-O-C and

the stretching vibration of C-O were assigned to the bands at

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 FTIR spectra of KL and PK17. Shaded peaks are identified as
described in the text.
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1280 ecm™*, 1200 ecm ™", 1120 ecm ™", and 1030 cm™" (region d).
IR spectroscopy does not show intense bands of phosphate
moieties.”* However, minor alterations in the 1250 cm™ and
1300 cm™" bands belong to P=0. After phosphorylation, the
appearance of three new bands proved that KL was modified
successfully with PHA. These bands are PO,*~, P-O-C ali-
phatic, and the P-O stretching band (region f), which are
assigned to 990 cm™', 960 cm™', and 850 cm™,
respectively.”>”” In region f, two bands of bending and stretch-
ing are assigned to P-O-P, which can be determined at
760 cm™" and 810 cm™, respectively.”® The P-O bond in PK17
overlapped with the aromatic C-O-C structure, which shifted
the band from 1120 cm™" to 1020 cm™" in the C-O stretching
of the guaiacyl group of KL (region e).”® All these changes in
the FTIR bands confirmed that KL was modified with phos-
phorus groups on phenolic, aromatic, and carboxylic hydroxyl
groups for generating PK17.
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Fig. 7 XPS broad spectra (a), C 1s and O 1s spectra of KL (b and c), C 1s and O 1s, and P 2p spectra of PK17 (d—f).
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XPS and ICP-AES analyses

The chemical compositions of the samples were analyzed by
X-ray photoelectron spectroscopy. The broad XPS spectra of KL
and PK17 are shown in Fig. 7a. These graphs showed two
major peaks of C 1s and O 1s. In the broad spectrum of
KL, two other signals are assigned to S 2p and Si 2p that
remained from the pulping process of lignin extraction.®’
The presence of two new peaks in the spectrum of PK17
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was attributed to the phosphorus element after modification
with PHA.®' These peaks were found at 134.5 eV and 199
eV, respectively, assigned to P 2p and P 1s. The fitted C 1s,
O 1s, and P 2p spectra for KL and PK17 are shown in
Fig. 7b-f and Tables S4-S7.f According to the C 1s spectra
and the result of mass concentration, three significant
peaks are shown in KL at 281.1 eV for C-C, 284.2 eV for
C-OH, and 285.7 eV for O—C-OH with a mass concen-
tration of 42.44%, 55.2%, and 2.35%, respectively. After the

Lignin

Fig. 8 (a) The reaction scheme of phosphorylation and (b) scheme of all possibilities of crosslinking (a—c).
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modification, PHA covalently bonded to KL, and by adding
PHA to the KL backbone, the C-C bond increased to
48.41%.

In Fig. 7d, two new bonds in PK17 (C-O-PO; and C-P-O)
proved that the reaction happened via polycondensation with
the hydroxyl groups on KL, confirming the results verified by
3P NMR analysis. The phosphorus content of the samples was
also determined from XPS and ICP-AES data, and the results
are reported in Table S2.f The phosphorus group content
increased from 0 wt% to 7 wt% after the modification of KL
with PHA. As noted, the amount of P determined in both
ICP-AES and XPS results is similar.

One strong peak at 527.4 €V was observed in the fitted O 1s
spectra of KL and PK17 (Fig. 7), corresponding to C-OH and
C-0-C with 96.49% mass concentration dropping to 81.31%
after phosphorylation. The peak intensity at 526.8 eV increased
due to the overlap between the new P=0 bond and the exist-
ing C=0 bond in this region. Previous studies suggest that the
C=0 and P=0 groups in the phosphate group exhibited the
same binding energy in the spectrum.®”®® The increase in
these bands from 3.51% to 7.93% is the reason for this
overlap. The appearance of the C-O-P bond in the oxygen
graph after modification at 527 eV is evidence of polyconden-
sation in the route of phosphorylation.

The fitted P 2p spectrum, Fig. 7d, shows one prominent
intense peak at 129.6 eV for C-O-POj;, which was character-
istic of phosphorus in both polyphosphates and phos-
phates, and one small shoulder peak at 131.5 eV for both
C-P-O and P-O-P.®* Such evidence confirmed that the
-PO; group replaced a part of the aliphatic, phenolic, and
carboxylic hydroxyl groups on the KL structure through the
nucleophilic reaction.®®

Mechanism of reaction

The mechanism of reaction is proposed in Fig. 8a and b. The
reaction occurs in two repetitive steps: first, phosphoric anhy-
dride is formed with the elimination of water by a polyconden-
sation reaction, and second, the phosphate atom leads to elec-
tron transfer from the oxygen in PA to the hydrogen of
hydroxyl in the KL to form a new ester bond on the KL
(Fig. 8a).*’ The appearance of new peaks related to phosphorus
groups in "H NMR in the range of 4-4.7 ppm, C-O-PO; and C-
P-O bonds in XPS at 130 eV and 132 eV, and PO,*~, P-O-C ali-
phatic, and P-O stretching bands at 990 em™, 960 cm™*, and
850 cm ™, in FTIR, respectively, confirms the reaction between
KL and PHA. Moreover, quantitative *'P NMR results approved
the reduction of the hydroxyl groups of KL after modification.
Phosphate groups on PHA are covalently bonded with different
crosslinking types (a—c). This reaction can occur through both
intra-chain and inter-chain routes, as shown in Fig. 8b.5%%”
According to the results of qualitative *'P NMR (Fig. 4), the
intensities of two peaks, a and b, are high, confirming that the
modification mainly occurred via the intra-chain route.>® It
can be concluded that PHA reacted with the hydroxyl groups of
KL and exhibited two types of a and b crosslinks that were
stronger than the c type (Fig. 4).

This journal is © The Royal Society of Chemistry 2024
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Thermal properties

The thermal behavior of KL and PK17 was evaluated by
thermogravimetric analysis (TGA) and is reported in Fig. 9a.
The decomposition of lignin is divided into three main stages:
the initial slight weight loss in the range of 25-100 °C is
because of the evaporation of moisture, CO and CO,. The
weight loss between 175 °C and 550 °C is attributed to the
degradation of aromatic rings and C-C linkages, such as C-C
and p-p in KL.*® The final weight loss at >550 °C was less and
related to the decomposition and degradation of organic

89,90 After the moisture removal

materials and carbonization.
from KL, the temperature corresponding to 5 wt% weight loss
(T4) increased from 210 + 2 °C to 262 * 2 °C after modification.
Tonset 1S the temperature at which the major decomposition
starts to occur. This temperature for KL and PK17 is 260 + 2 °C
and 300 + 2 °C, respectively, implying that the modification
improved the Tonser temperature by about 40 °C. Introducing
the phosphorus group to KL increased the maximum
decomposition temperatures (Tp,ax) from 545 °C to 650 °C, and
the weight loss rate decreased from 0.064 wt% ©°C™' to
0.026 wt% °C™*.%°

It is also seen that KL did not remain at >620 °C, while
65 wt% of PK17 remained. At 800 °C, the char mass of PK17
was about 50 wt%, implying the improved char formation via
phosphorylation.

The differential scanning calorimetry (DSC) analysis of the
samples is shown in Fig. 9b. The molecular weight, cross-
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Fig. 9 Thermal analysis of KL and PK17. TGA curves with an arrow indi-
cating Tmayx (@). DSC curves showing the T and C;, (b).
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linking degree, branching degree, and chain length can affect
the T, of the material due to their impacts on segment mobi-
lity when heated/cooled.”™** As reported in Fig. 9b, the T, for
KL was found at 180.8 °C, which increased to 215.2 °C after
modification. The presence of phosphorus atoms after the
modification and crosslinking of hydroxyl groups on the KL in
the presence of the active sites of PHA contributed to an
increased T,.>* In addition, PK17 had a lower heat capacity
(Cp) than KL, 0.0544 J (g °C)™" and 0.3808 J (g °C)™", respect-
ively. Less mobility, resistance to breakdown, and crosslinking
would be the causes of this decreased heat capacity.”**® In
addition, inorganic compounds, such as phosphor, contribu-
ted to the increased T, and decreased Cp,.”°

Flame retardant performance

The flame retardancy of materials is commonly determined by
the limiting oxygen index (LOI), and the results are listed in
Fig. 10. Generally, with the increase in LOI values, the flame
retardancy of the sample increased. As shown in Fig. 10, the
LOI value of uncoated wood (UW) was 21.8%, implying that it

26

I C
. uw

Limiting oxygen index (%)

0 1 2 3
Coating solution concentration (wt.%)

Fig. 10 LOI values of the UW, KL, and PC (PK17 coated) samples.

Smoke density rate (%)

0 1 2 3
Coating solution concentration (wt.%)
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could burn quickly with a small ignition. Different concen-
trations (1, 2, and 3 wt%) of KL (KC1, KC2, and KC3) were
used for coating the wood species, respectively. Upon increas-
ing the concentration of PK17 to 1, 2, and 3 wt%, the LOI
value increased to 23.8%, 24.6%, and 26.0% for the samples of
PC1, PC2, and PC3, respectively. Moreover, filter paper coated
with 3 wt% PK17 demonstrated an increment in the LOI from
18% to 21%. Jiang et al. found that 10 wt% of N,N-biguanide-
diethyl phosphonic acid can increase the LOI value of filter
paper by >10%.°”

As shown in Fig. 11a and b, the smoke density rate (SDR) in
240 s and light absorption of the uncoated wood (UW) were
34% and 50%, respectively. Generally, introducing KL to wood
will affect wood species’ flame retardancy. Coating wood with
1, 2, and 3% KL decreased the SDR value to 23.8%, 24.7%, and
27.8%, respectively. The introduction of 1, 2, and 3 wt% of
PK17 reduced the light absorption to about 30%. The PK17-
coated woods indicated a decrease in smoke production after
200 seconds, mainly because of the protective char layer of
phosphorus—carbon.’® Interestingly, the light absorption value
peaked at around 180 s and subsequently declined since less
smoke was released due to the char formation acting as a pro-
tective layer to lower the smoke density. PC3 (coated wood
with 3 wt% of PK17) showed the lowest light absorption of
17.7% (i.e., 16% lower than UW).

Morphological study of burned wood

The influence of phosphorylated lignin on the surface mor-
phology of wood is generally determined by investigating char
residues with SEM after smoke detector analysis.*® Fig. S4 (in
the ESIT) and Fig. 12 show char morphology after completing
the combustion of UW and PC3, respectively. The spherical
pores of some broken structures (Fig. S4a-df) show the
released gas caused by the combustion of UW, while these
pores are compact in PC3.%° Fig. 12a-d show the blocked pores
because of phosphoric acid production during thermal degra-
dation. This would lead to increased dehydration and carbon-
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Fig. 11 Smoke density rating values (a) and light absorption curves (b) of the UW, KL, and PC (PK17 coated) samples.
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Fig. 12 SEM images (a—d), digital picture (e), and EDX graph (f) of char residue after burning PC3 in smoke density analysis.

ization of PK17 to form char and phosphorus crystals to pene-
trate the pores and block them."**'°" Fig. 12d shows the phos-
phorus crystals after combustion. A char layer covered the PC3
after burning due to phosphorus groups’ dehydration of PK17
and wood.'®* In addition, EDX observation indicated the pres-
ence of phosphorus atoms after burning PC3 (Fig. 12f).

The mechanism of flame retardancy

FRs are employed to interrupt the combustion process in two
ways: they create a dense char that shields the substrate from

This journal is © The Royal Society of Chemistry 2024

combustible gases (i.e., oxygen) and heat (condensed phase
mechanism), and they generate radical scavengers that can
halt the chain propagation of the combustion reaction (vapor
phase mechanism).'®® The flame retardancy of PK17 can
happen in both gas and condensed phases, chemically and
physically. Phosphorus is an inorganic element that will
produce radicals after decomposition to accelerate char for-
mation as a protective layer from heat degradation."®* During
combustion, triphenyl phosphate and triphenylphosphine
oxide can break down into small radicals, such as HPO', PO,’,
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PO’, and P,"."® Because of ignition, these phosphorus radicals
can function as an adsorbent for H" and OH" radicals released
in the gas phase needed for ignition. A decrease in these rad-
icals will reduce the flame."%®

In the condensed phase, phosphorus compounds start to
decompose, and the protective char layer of phosphorus—
carbon begins to form.”* This protective layer could hold the
flammable gases released from inner layers and keep away the
heat from unburned wood layers."®”*®

For a better understanding of how PK17 works as a flame
retardant fundamentally, XPS analysis was carried out on the
samples collected from TGA after treatment at four different
temperatures (220, 320, 600, and 800 °C). Fig. S5-S8f show
how the intensity of each peak changed, and the mass concen-
trations of each element and bond are reported in Tables S4-
S7t in detail. The mass concentration of P 2p increased from
7% at 25 °C to 26.9% at 800 °C (Table S47). Also, the C-C bond
concentration remained almost the same (about 42%)
(Table S5%), but there was a decrease in the mass concen-
tration of C-OH and C-O-C bonds from 81.31 to 15.22%.
However, there was an increment in P-O, C=0, and P=0
bonds from 3.51% to 49.49% (Table S6t). These results con-
firmed that P and C remained as by-products of burning in the

a ’ " s b
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form of -P=—0, C=0, C-O-P, P-O, P-O-P, and C-P-O, while
oxygen was released. Also, the mass concentration of C-P-O
and P-O-P increased from 4.36% to 70.33% (Table S71).'*°
Wang et al. argued that thermal oxidation resistance can be
confirmed by an increment in C=0, which exhibits a thermal
flame retardancy mechanism.'*°

A deep analysis was carried out on a microscale using SEM,
EDS, and EDX for PK17 before and after combustion at 800 °C. It
was found (Fig. 13a and c) that the morphology of PK17 changed
from a regular structure to irregular with some crystal struc-
tures,"™* which was confirmed by SEM in coated wood after
burning (Fig. 12d). In addition, the homogeneous distribution of
C, P, and N elements in the PK17 and KL samples before and
after combustion (Fig. 13 and S9b, df) was confirmed in the EDS
images. Still, the intensity of the phosphorus element increased
after combustion for PK17. Flame retardancy is mainly related to
the concentration of phosphorus that can delay the transfer of
heat, block the diffusion of flame efficiently, and increase oxygen
demand for burning, inducing a more efficient flame retardancy
(Fig. 10 and 11b)."*?

To understand how PK17 would function as a flame retard-
ant, the SEM and EDX images of PC3 samples after combus-
tion were analyzed in detail. The results (Fig. S7f and 12)
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Fig. 13 The SEM images (a and c), EDS elemental mapping, and EDX (b and d) of the surface of PK17 before and after combustion.
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provide evidence for the elemental composition of phosphorus
crystals, char residue formation, filled porous structures, gaps,
and cracks in wood after burning. These results imply that
PC3 acted as a protection shield to disrupt the penetration of
gas (oxygen) and heat flow during combustion.'”” In addition,
the char formation would work as a protective layer that would
decrease smoke release, leading to a lower smoke density rate
and light adsorption (Fig. 11).

The performance and reaction route of phosphorylated
lignin products were compared with other phosphorylated
lignin products in Table 2. Our sample, a pioneering biomater-
ial, sets itself apart by being free from solvent (water base) and
bio-phosphorus reagent (PHA) while exhibiting outstanding
high heat resistance and flame retardancy. Unlike convention-
al materials that are listed in Table 2, made of oil-derived
chemical reagents and under harsh and environmentally
unfriendly conditions, our biomaterial was produced using
environmentally friendly reagents, a water-based reaction at
room temperature, ensuring a safer and more sustainable
approach. The elimination of solvents not only reduces the
environmental impact but also minimizes potential health
hazards associated with their use. Additionally, our biomater-
ial’s heat resistance is outstanding, offering enhanced heat re-
sistance. This combination of solvent-free processing and
excellent heat resistance with high thermal performance
underscores the material’s potential in advancing eco-friendly
and high-performance applications. Theoretically, other types
of lignin, e.g., alkali, lignosulfonate, and organosolv, may be
used for reacting with PHA in a similar manner as they all
have OH functional groups. However, their efficiency may be
different, which will be attested in our future work.

Conclusions

A sustainable flame retardant was prepared in an aqueous
medium, ie., green solvent, from KL and PHA. The reaction
conditions that yielded the lignin derivative with the highest
phosphorus element were a KL : PHA molar ratio of 1: 0.4 mol/
mol, a reaction time of 20 min, a temperature of 20 °C, and a
pH of 11. These optimized conditions resulted in PK17 with
—4.2 mmol g~ charge density, 9.7 g L™ solubility in water,
and an M,, of 4800 g mol ™. The reaction under the optimized
conditions decreased the aliphatic and phenolic hydroxyl
groups of KL from 1.72 to 0.63 mmol g~ and 3.33 to
0.71 mmol g™, respectively. 'H, HSQC, and *'P NMR con-
firmed that the aliphatic and aromatic OH groups of KL par-
ticipated in the reaction with PHA and generated a covalent
bond of P-O-C. The qualitative *'P NMR confirmed the three
different crosslinking types of phosphate groups based on the
reaction conditions, such as monophosphate, phosphodiester,
and orthophosphate. Also, FTIR, XPS, and ICP-AES analyses
confirmed the presence of phosphorus atoms and the new C-
O-P bond between KL and PHA.

The TGA analysis confirmed that the phosphorylation of KL
improved the thermal stability of lignin by improving its

Green Chem., 2024, 26,10070-10086 | 10083
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decomposition temperature from 545 °C to 650 °C with char
formation at 800 °C, while KL did not produce any char at
625 °C. The DSC results confirmed the increment in T, from
180.8 °C to 215.2 °C after phosphorylation. The combustion
completion was analyzed by SEM, EDX, and EDS for PK17, and
the change in sample morphology from regular to irregular
and the increment in the intensity of phosphorus were con-
firmed after combustion. By increasing the concentration of
PK17 solution from 1 wt% to 3 wt% in the wood coating
process, the LOI of wood rose from 21.8% to 26.0%, and the
smoke density rate decreased from 34.0% to 17.7% due to the
formation of thermally stable char and the release of non-flam-
mable gases. The promising flame retardant performance of
PK17 on wood and filter paper paves the way for the pro-
duction pathway of PK17 as a simple and effective aqueous-
based reaction to produce phosphorylated lignin.
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