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The introduction of phosphate groups into cellulosic fibers allows for the tuning of their fire resistance,
chelating and metal-adhesion properties, enabling the development of flame-retardant adhesive and
adsorbent materials. Toward that end, the major challenge is developing a novel efficient and
environmentally friendly phosphorylation route that offers an alternative to existing methods, which can
achieve the targeted properties. For this purpose, cellulosic fibers were chemically modified herein using
solid-state phosphorylation with phosphoric acid and urea without causing substantial damage to the
fibers. The morphological, physicochemical, structural and thermal characterisations were examined
using FQA, SEM, EDX, FTIR, BC/*P NMR, conductometric titration, zeta potential measurement and

Rece Tk Aoril 2021 thermogravimetric analysis. All the characterisations converge towards a crosslinked polyanion structure,
Aig:;i% 2t9th%rxl,|lne02021 with about 20 wt% grafted phosphates, a nitrogen content of about 5 wt% and a very high charge
density of 6608 mmol kg~*. Phosphate groups are linked to cellulose through a P-O-C bond in the

DOI: 10.1039/d1ra02713a form of orthophosphate and pyrophosphates. Furthermore, thermal properties of the phosphorylated
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1. Introduction

Recently, scientific research has focused significant efforts on the
use of natural cellulosic fibers that can replace synthetic-based
products.” The production of performant functional materials
is a significant challenge due to the increasing demand for
sustainable and eco-friendly products.*” Within this philosophy,
the most abundant biopolymer available on earth has attracted
considerable attention and offers many advantages, such as its
biodegradability, recyclability and renewable character.® Cellu-
lose fibers are a type of a biopolymeric material that has been
used by humans for a long time in a wide range of applications,
such as clothing,® packaging,’ textiles,'* food,"" drug release,"” the
energy sector®™ and the environment.'*® However, their
hydrophilic nature and their high flammability can be prob-
lematic for many applications.* Consequently, there is a renewed
and emergent interest in cellulose derivatives due to the
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cellulosic fibers were investigated and a new degradation mechanism was proposed.

inexhaustibility of this raw material. Among the more prominent
cellulose derivatives are cellulose phosphates,” which can be
obtained by chemical treatments that introduce phosphate
groups onto cellulose fibers.”*>* This modification is an essential
step in order to obtain some needed properties, which are not
normally found in the original cellulose structure. Thus, phos-
phorylated cellulose fibers have many advantageous properties
that render them highly promising in many applications, such as
composites,” flame retardant materials>***?* and filters for the
removal of heavy metals.”*?°

The hydroxyl groups in the cellulosic chain can be modified
and functionalised via diverse chemical pathways, some
requiring low energy consumption that is necessary to produce
greener fibers with new and required properties. Chemical
phosphorylation is one of these methods,>****3* which are
categorised based on the location of the attack: either on the
hydroxyl groups or by anhydroglucose unit (AGU) ring
opening.** This chemical method has been well-documented in
recent studies that have frequently employed phosphorylating
agents, such as phosphate esters,*® (NH,),HPO,,* H;PO, (ref.
25) and P,05.** This method can be performed under homo-
geneous conditions or heterogeneous conditions with or
without a swelling step in order to achieve the partial or
uniform functionalisation of the biopolymer chains.*® Many
routes for the phosphorylation of cellulosic materials have been
developed, such as phosphorylation assisted by microwaves,"
the mechanochemical ball-milling method® and heterogeneous
or homogeneous media using a phosphate salt and phosphoric
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acid.”»***13%37 The latter approaches are usually applied as
chemical reactions using organic solvent or urea.’**

In other methods, it is necessary to use non-toxic compounds
to ensure that the fibers chains have the desired properties.**
Therefore, a promising green ecological approach is the modifi-
cation by the phosphoric acid-urea reaction system using water
as the solvent. The reactivity of the cellulosic chains in this route
is increased, while the cellulose degradation is decreased
through the incorporation of urea as a catalyst and a swelling
agent.*” However, the phosphorylation efficiency is improved by
incorporating phosphate groups into the cellulosic structure; this
results in a high phosphorus content in terms of the highest
degree of substitution, which is defined as the average number of
substituted functional groups per AGU unit.* Moreover, the het-
erogenic reaction occurs solvent-free in a urea melt with phos-
phoric acid.?*** According to previous studies, the problem with
this method is that there is a significant risk of degradation of the
cellulosic materials; therefore, there is a low degree of substitu-
tion.* Only a few studies have tried to improve this route by
optimising the molar ratio of the reagent (cellulosic fibers/
phosphoric acid/urea), time, temperature and functionality in
order to achieve a high degree of substitution without fibers
degradation.”>*® One of the solutions to this problem is to
develop this approach in such a way that there is good contact
between the fibers and the phosphorylating agent under the
homogenisation temperature with a short reaction time.

In this respect, our study aimed to describe a simple, greener
and previously unexplored route for direct phosphorylation of
cellulosic fibers in order to increase the phosphorus content and
avoid degradation of the structure of the fibers. Toward that end,
the alternative phosphorylated samples were obtained by react-
ing cellulosic fibers with phosphoric acid and urea in two
consecutive steps: (1) mixing the reagents with water to enhance
the fibers swelling followed by water evaporation and (2) curing
the dried sample under vacuum conditions at an optimised
temperature to prevent the degradation phenomenon and to
achieve structurally well-defined phosphorylated fibers. Detailed
characterisation of the prepared phosphorylated fibers was ob-
tained by solid-state nuclear magnetic resonance (*'P and *C
NMR), Fourier transform infra-red attenuated total reflectance
(FTIR-ATR) spectroscopy, scanning electron microscopy coupled
with energy-dispersive X-ray analysis (SEM-EDX), fibers length
distribution (FQA) thermogravimetric analysis (TGA) and zeta-
potential measurement. Finally, we employed conductometric
titration to define the total charge density.

2. Experimental section
2.1 Materials

The cellulosic materials used in this study are bleached soft-
wood Kraft (PK) fibers supplied by Kruger Wayagamack (Trois
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Riviéres, Canada). All chemical reagents were used as received
from Sigma Aldrich suppliers: phosphoric acid (85%) and urea
(ACS reagent 99%). Deionized water was used in all reactions.
Hydrochloric acid and sodium hydroxide are of analytical grade,
supplied by Analar Normapur.

2.2 Phosphorylation of cellulosic fibers

The cellulosic fibers (PK) are first washed with sodium
hydroxide solution (0.1 M) to remove low molecular weight
organic acids. In a flask containing 50 mL of deionized water,
we introduced the three components: dry cellulosic fibers (PK),
H3PO, and urea (Table 1). To keep the molar ratio constant and
to have intimate contact between the different components of
the phosphorylation reaction, 1 g of PK fibers was impregnated
with the reaction mixture. After 24 hours, the water is evapo-
rated off under vacuum using a rotavapor (Heidolph Hei-VAP,
Germany) at 90 °C. Once the water has been removed, the
remaining solid is heated in the flask by raising the temperature
of the rotavapor bath to 120 °C for 2 hours under vacuum. The
phosphorylated cellulosic fibers (PKP) are dispersed and
washed several times with deionized water to remove unreacted
reagents.

2.3 Characterization techniques

2.3.1 Nuclear magnetic resonance (**C/*'P NMR). Varian
300 INOVA spectrometer with Cross-Polarized Magic Angle
Spinning (CPMAS) techniques for samples in the solid state was
used to perform "*C NMR measurements. Spectra were recorded
at a frequency of 100 MHz. The solid-state *'P (CPMAS) NMR
were recorded on a Bruker DPX spectrometer at a frequency of
161 MHz. The chemical shift values were referenced to H;PO,
which is allocated to the 0 ppm value. All spectra were attained
at a spin rate of 10 kHz.

2.3.2 Scanning electron microscopy with energy-dispersive
X-ray analysis (SEM-EDX). Surface morphology of cellulosic
fibers before and after phosphorylation process was done with
TESCAN-VEGA3 scanning electron microscopy at an acceler-
ating voltage of 20 kV. Energy dispersive X-ray (EDAX) analyzer
was employed to depict the specific elemental composition and
distribution in phosphorylated cellulosic fibers. Using an
accelerating voltage of 20 kv with SEM magnification (5000x).
The elemental mapping of representative areas was performed
at 135 eV resolution and 0.96 us amplification time. All samples
were attached on SEM specimen holders with double-sided
carbon tape and coated with gold by using high vacuum
sputter coater.

2.3.3 Thermogravimetric analysis (TGA). The thermal
properties of phosphorylated fibers (PKP) were also studied by
using thermogravimetry (TA-TGA55). The thermal stabilities of
the sample (10 mg) were evaluated under nitrogen flow (60

mL min~"), from 30 to 600 °C with a heating rate of 10 °C min™".

Table 1 Molar ratios used for the phosphorylation reaction of PK fibers at 120 °C for a period of 2 h

PKP1
1:2:4

Samples
Molar ratio (PK : H;PO, : urea)

© 2021 The Author(s). Published by the Royal Society of Chemistry

PKP2
1:2:10

PKP3
1:2:16

PKP4
1:3:4

PKP5
1:2:0
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Approximately 10 mg was placed in open platinum pans. It
should be pointed out that all samples were thoroughly dried
under identical conditions prior TGA test.

2.3.4 Attenuated total reflection Fourier transform infrared
spectroscopy (ATR-FTIR). The functional groups of fibers were
analyzed using Fourier Transform Infrared Spectroscopy (FTIR,
Jasco-6030) operated at 2 cm™ ' over a range of 4000-400 cm ™"
by attenuated total reflection (ATR).

2.3.5 Total charge determination. A conductometric titra-
tion was used to determine the total charge density of the
phosphorylated fibers. Before carrying out the assay, the fibers
were dispersed in their acid form in a 1 mM sodium chloride
solution. The assay was carried out with a sodium hydroxide
solution (0.1 M) using a Thermo (USA) Orion conductometer
(model 150) and a Metrohm Brinkmann (USA) automated
titrator (Dosimat 765) under an inert nitrogen atmosphere.

2.3.6 Zeta-potential measurement. The measurements of
the zeta potential as a function of the pH were carried out using
a Malvern Zetasizer Nano ZS instrument. For this measurement,
a capillary cell of zeta cells (product no. DTS1070, Malvern
Instruments) was used. The phosphorylated fibers suspensions
were diluted to 0.05 wt% and sonicated for 10 min before being
analyzed. Then, NaCl was added to each sample until the final
concentration reached 1 mM. After decanting for 20 min, the
pH value of the paste was recorded and the supernatant was
collected for zeta potential measurements.

2.3.7 Fiber length distribution. The variations in the
dimensions of the cellulosic fibers before and after phosphor-
ylation were determined by fiber quality analysis (FQA) of
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Lorentzen & Wettre Fiber Tester Plus. The average dimensions
of the fibers were reported: arithmetic length, diameter,
percentage of fines.

3. Results and discussion

3.1 Morphological and length distribution of
phosphorylated cellulosic fibers

The surface state of unmodified and modified fibers was
studied by means of SEM. The images obtained gave us an idea
on the degree of modification undergone by the fibers. For the
native fibers (Fig. 1a), we have images similar to those observed
by other authors in previous studies.?****' A smooth surface can
be seen without damaged areas. On the other hand, the SEM
micrographs of the phosphorylated cellulosic fibers, for
different molar ratios (1/2/4, 1/2/10 and 1/3/4), show surfaces
with modifications related to the molar ratio of the different
components of the phosphorylation reaction. During the reac-
tion, the cellulose chains constituting the fibers, especially the
amorphous regions, in addition to the grafting of phosphate
groups, undergo degradation reactions, essentially chain cuts.
These two combined actions, in addition to the phenomenon of
osmosis, contributes to the erosion, thinning or even degrada-
tion of fibers. At high magnification, it is possible to observe the
degree of modification undergone by the fibers according to the
urea and phosphoric acid level. The surfaces of fibers obtained
using the molar ratios 1/2/4 and 1/2/10, represented in Fig. 1b
and c, respectively, suffered little damage compared to the
fibers obtained with a molar ratio of 1/3/4. The image

Fig. 1 Scanning electron microscopy micrographs at different magnifications of the surface view of (a) PK, (b) PKP1, (c) PKP2 and (d) PKP4.

Table 2 Measured properties of phosphorylated cellulosic fibers

Arithmetic Average fine Arithmetic
Samples Average length (mm) Average diameter (pum) length (mm) fibers (%) fine (%)
PK 1.523 £ 0.026 28.6 £ 1.072 0.824 47.5 97.4
PKP1 0.666 + 0.011 32.0 £2.103 0.481 62.0 97.5
PKP2 0.856 + 0.023 29.5 £+ 1.922 0.594 42.9 96.3
PKP3 0.655 £ 0.016 28.1 + 1.180 0.476 60.3 97.5
PKP4 0.510 £ 0.009 35.1 £ 2.263 0.381 86.7 99.3
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corresponding to this latter ratio (Fig. 1d), shows an accentu-
ated degradation of the fibers. We can say, by referring to the
surface state of the fibers, that the ideal phosphorylation ratio is
1/2/10. This is confirmed by the other analyses. The length of
the fibers is not affected enough, and the fixed phosphate level
is optimum for this ratio (around 20%).

The length and distribution of the cellulosic fibers of the
various samples were determined using a Fiber Quality Analyser
(FQA). Table 2 gives the average fiber length and the percentage
of fines, measured before and after phosphorylation. These
measurements make it possible to evaluate the effect of the
cleavage of the fibers with the chemical reactions carried out on
the fiber. The increase in fine percentage is due to erosion of the
fiber surfaces, as we have discussed before. In addition to
degradation during phosphorylation reaction, the grafting of
phosphates at the fiber surfaces makes them hydrophilic, which
causes a strong absorption of water with the phenomenon of
osmosis. The combined action of the various mechanical
operations during the reaction (stirring, filtration, washing, etc.)
causes the phenomena of the erosion of the surfaces of the
fibers and, consequently, an increase in fines. The results
grouped in Table 2 are in agreement with the images obtained

Table 3 Data of nitrogen and phosphorus contents DSp, DSy values
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with SEM. Fibers treated with a 1/2/10 molar ratio (PKP2) have
a greater average length than those of other phosphorylated
fibers. The increased amount of acid (PKP4) does more damage
by causing the severe degradation of the fibers. Also, the
diameter of the treated fibers, compared to that of the untreated
fibers, is slightly larger. This is likely due to swelling caused by
0Smosis.

3.2 Elemental analysis and mapping of modified cellulosic
fibers

Energy dispersive X-ray, ICP-OES and Kjeldahl method analyses
were performed to determine chemical composition of phos-
phorylated fibers. The comparison of the percentages of the
various elements likely to be present at the surface, before and
after the phosphorylation reaction, allows us to determine the
degree of the grafting of the phosphate and nitrogen groups.
The EDX spectrum of unmodified fibers (PK), taken as a refer-
ence, shows only two peaks corresponding to the elements C
and O (Fig. S11). In addition, the phosphorylated samples show
other peaks corresponding to phosphorus and nitrogen. The
intensities of the different peaks are proportional to their

Nitrogen content (%)

Phosphorus content (%)

EDX Kjeldahl method EDX ICP

Samples N DSN(EDX) N DSN(KJ) P DSpepx) P DSP(ICP)
PK — — — — — — — —
PKP1 4.09 + 2.06 0.54 5.21 + 0.01 0.71 14.87 £ 3.70 1.26 16.17 + 3.30 1.44
PKP2 4.94 4+ 2.75 0.67 5.41 £ 0.27 0.75 19.23 £+ 4.77 1.99 22.08 £ 0.61 2.68
PKP3 6.85 + 2.94 1.00 7.81 +£ 0.37 1.19 18.92 £ 5.20 1.93 21.59 £+ 1.06 2.54
PKP4 4.37 £+ 3.06 0.58 5.67 £ 0.06 0.79 11.05 £ 5.11 0.80 12.02 £ 1.41 0.90
PKP5 0.00 0.00 0.56 + 0.12 0.06 0.00 0.00 2.01 + 0.49 0.11

sEMwv. 2000V
View fieic: 35.8
SEM MAG: 773 kx

Fig. 2 Elemental mapping for carbon, oxygen, nitrogen, and phosphorus in phosphorylated cellulosic fibers PKP2.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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presence on the surface. There is a decrease in the percentages
of carbon and oxygen to the detriment of a proportional
increase in phosphorus and nitrogen. The levels of these two
elements depend on the molar ratio of cellulosic unit, phos-
phoric acid and urea. The results of the analyses performed
using three techniques of the various prepared samples are
grouped in Table 3. It is clear that the presence of urea is
necessary to carry out phosphorylation (1:2:0). The other
samples show a phosphate content greater than 10%. The most
interesting result is that obtained for PKP2. In fact, in addition
to the high phosphate content, the length of the phosphorylated
fibers is the greatest and the level of fines is lower (Table 2). The
quantification of the amount of grafted phosphorus as a func-
tion of the amount of urea used clearly shows that a large
proportion of the cellulosic fibers have been phosphorylated
with a high percentage compared to the previous works, which
do not exceed 13% of P.>*?*30:4>47

Moreover, we carried out several tests by varying the
concentration of phosphoric acid, considering the degradation
effects of cellulosic chains, which can be generated by the
release of acid at high temperatures.® It was found that the
content of the P element in the phosphorylated samples (PKP1
and PKP4) decreased sharply from 14.87 to 11.05% in an acid
concentration of 2 and 3 M, respectively. A further increase in
the concentration of acid affected the phosphorus content and
caused severe degradation of the fibers. Therefore, the presence
of urea is essential to introduce phosphate moiety to the
cellulosic chains without damaging the fibers, which is
confirmed by the elemental analyses performed for sample
PKP5 (Table 3) where the molar ratio used is 1: 2 : 0.

Fig. 2 represents the elementary mapping of the various
atoms present at the surface of the phosphorylated fibers
(PKP2). It can be seen that the phosphorus density is high and
uniformly distributed. It completely covers the fibers. Likewise,
nitrogen also uniformly covers the surface of the fibers with
a lower density. This result is in agreement with the percentages
of the various chemical elements that are present. The proposed
phosphorylation method is an efficient way to homogeneously
incorporate the phosphate groups on the surfaces of the PK
without significant damage.

The degrees of substitution, DSp and DSy, per unit of
glucose, were calculated with the two equations, respectively ((1)
and (2)), using the phosphorus and nitrogen contents measured
with elemental analysis (EDX).'*** The two degrees, DSp and
DSy, of substitution are reported in Table 3. A maximum
substitution is obtained for the 1/2/10 reaction mixture. This
result constitutes the best compromise between a high phos-
phorus content and an minimum cleavage of the fibers. It is
also in agreement with the mapping images since phosphorus
density at the surface level is extremely high. For nitrogen, the
highest value of DSy (1.19) is obtained with the conditions of
the phosphorylation of PKP3. It is probably related to the
amount of urea used.

162 x P%

DSr = 3700 —s0 < P% (1)
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162 x N%

DSy = 200 — @3 < % 2)

3.3 Chemical structure of phosphorylated cellulosic fibers

FTIR and NMR spectroscopy analyses, zeta-potential measure-
ments and conductometric titration of native and various
phosphorylated cellulosic fibers were performed in order to

C2C3C5

C1 Ccé

NN A e AN e N

220 210 200 190 180 170 160 150 140 130 120 110 100 9% 80 70 60 S0 40 30 20 10 0
1 (ppm)

(b)

8 6 4 2 0 2 -6 -10 -14 -18 222 -26

24 20 16 12 -
f1 (ppm)

0 2 4
f1 (ppm)

Fig. 3 Solid state 3C NMR spectra (a), 3'P NMR spectra of phos-
phorylated cellulosic fiber (b) and deconvolution of sub-spectra
showing peaks assigned to the orthophosphate and pyrophosphates
groups (c).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 FT-IR spectra of native cellulosic fibers (PK) and phosphorylated
cellulosic fibers (PKP).

confirm the phosphorylation reaction. To provide more infor-
mation on the structure of the phosphorylated compounds, the
3C NMR analysis was carried out. Chemical shifts are sensitive
to changes in the environments of each carbon. The "*C NMR
spectrum informs us of the modifications undergone by the
carbons and the changes in their environments. The *C NMR
spectrum of phosphorylated fibers shows no difference in
chemical shift from that of unmodified fibers. As can be seen
from the spectrum (Fig. 3a), signal and broad peak perceptible
between 57 and 68 ppm correspond to the C6 of the primary
alcohol group in the cellulosic cycle. The bulk chemical shift
between 69 and 82 ppm is attributed to C5, C3 and C2, and the
peak between 102 and 108 ppm is attributed to C1. These results
are consistent with the data reported in the literature and
indicate that the grafted phosphate groups do not generate
specific changes in the chemical shifts of *C.324368

The grafting of the phosphate groups on the cellulosic fibers
is indicated by the presence of peaks in the *'P NMR spectrum.
According to the *'P NMR data published on phosphorylated
cellulosic materials, phosphorus groups appear in the region of
0-10 and —5 to 10 ppm for orthophosphate and pyrophos-

phates, respectively.>*****° In our case, the spectrum of

1400
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phosphorylated PKP2, using 10 moles of urea, showed clear
peaks. An intense signal at 0.67 ppm is attributed to the
orthophosphate groups and a less intense signal at —10.76 ppm
is due to the presence of pyrophosphate groups (Fig. 3b).
However, peak identification in solid-state spectra was devel-
oped with their deconvolution, resulting in one peak for
orthophosphate diesters and one for pyrophosphate (Fig. 3c).
The absence of a phosphoric acid peak confirmed the efficiency
of the washing process with deionised water after the reaction
to remove any unbound phosphate groups.

The results of the *'P and **C NMR analyses were confirmed
by FTIR spectroscopy (Fig. 4). The spectra all show glucosidic
units. The characteristic bands at 3427, 2898 and 1051 cm ™ *
correspond to the stretching vibrations of O-H, C-H and C-O-C
of the glucosidic units, respectively.***** Another absorption
around 1649 ecm™ " is attributed to the O-H bending of the
adsorbed water.>* The sharp peak at 1428 cm ™' can be attrib-
uted to the C-H bending vibrations. The 667 cm™" band is
characteristic of the OH vibration band.*

The grafting of phosphate groups is accompanied by the
appearance of new bands in the FTIR spectrum of phosphory-
lated fibers. As we have already seen with EDX, in addition to
carbon and oxygen, phosphorylated fibers contain phosphorus
and nitrogen. These two elements are present in the form of P=
0, O-P-OH, P-O-C, P-OH, -P-NH,, -P-NH-. The most intense
of these bands is at 1401 and 1252 cm ™, assigned to the
vibration of P=O of the orthophosphate diester'****** and
P=0 stretching vibrations,****** respectively. The formation of
-P-NH, structures was confirmed by the appearance of two
bands at 715 and 3193 cm ™", assigned respectively to P-NH
groups and stretching vibrations of N-H.*® In addition, with
regard to the phosphorylated fibers (PKP), the IR spectra exhibit
new bands at 497 cm ™', corresponding to the bending vibration
of O-P-OH.* The FTIR spectrum of PKP, which also presents
a characteristic absorption of 830 and 928 cm™ ", is indicative of
the stretching mode of the P-O-C aliphatic bond*** and P-
OH.42,43,51

In addition to the sulphonate, the grafting of the phosphate
groups confers the fibers a polyanionic character. It is possible
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Fig.5 Conductivity titration curve of phosphorylated lignocellulosic fibers (a) and zeta potential measurements as a function of pH for cellulosic

fibers (PK) and phosphorylated cellulosic fibers (PKP2) (b).
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to measure the rate of charge carried by these fibers with
conductimetric titration. After being washed with deionised
water several times, the phosphorylated cellulosic samples are
titrated with a 0.1 N sodium hydroxide solution. The groups
present at the surface of phosphorylated fibers are of three
types. In addition to the acidic functions of the phosphate
groups grafted onto the surface of the fibers, there are also the
sulphonates and carboxylates originating from oxidation,
essentially of the primary alcohol of the fibers, from chemical
treatment during their production. The neutralisation of these
acid functions allow us to determine the total charge content of
the phosphate groups, which can provide information on the
structure of phosphorylated fibers.*** The change in potential
as a function of the volume of the sodium hydroxide solution is
shown in Fig. 5a.

The dosage of acid groups in unmodified fibers is approxi-
mately 100 peq. g~ *.%* The dosed acid functions are those of the
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sulfonate and carboxylate functions originating from the
oxidative treatment of the fibers during the isolation and
bleaching of the cellulosic fibers. Therefore, they are the first to
be neutralised in an assay. The first segment (zone 1) is attrib-
utable to the neutralisation of these acid functions. The second
segment, in the form of a straight line, is attributable to the
neutralisation of the protons of the phosphate groups. The
volume consumed during the neutralisation of these groups
allows us to calculate the number of equivalents or, in other
words, the charge rate. The found load rate is 6608 mmol kg™,
i.e. 66 times more than with unmodified fibers. A large increase
was generally observed in total charge content upon phos-
phorylation, which reached an optimal value using a molar ratio
of 1/2/10 at 120 °C for two hours. To the best of our knowledge,
this is among the highest charge content reported in literature
for phosphorylated cellulosic fibers (Table 4).

Table 4 Total charge contents values of phosphorylated cellulosic materials

Cellulosic materials Phosphorylating agent Total charge contents (mmol kg™") References
Cellulose nanocrystals P,Os5 3300 5
Cellulose fiber (NH,4),HPO, 1180 24
Cellulose nanofibrils (NH,4),HPO, 2000 28
Nanocellulose H;PO, 1173 48
Cellulose fiber H;PO, 500 47
Cellulose nanofibrils NaH,PO, 900 54
Cellulose nanofiber NH,H,PO, 1230 55
Cellulosic fibers H;PO, 6608 This study
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Fig. 7 TG (a) and DTG (b) curves of untreated (PK) and treated cellu-
losic fibers (PKP1, PKP2, PKP3).

To understand the surface charge characteristics of fibers
before and after the phosphorylation process, an evolution of
zeta potential, as a function of pH, was determined (Fig. 5b).
The obtained results indicate that PK have positive zeta poten-
tial values with acidic pH (pH < 2.41) but are negatively charged
with basic pH. This result is similar to that of previous studies,
which reveal that negative charge must originate from depro-
tonation.*® On the other hand, the negative charge present in
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PKP2 was found to be higher in absolute value than that of PK
due to the increase in the contents of the introduced phos-
phoric groups. Most importantly, surface charge character-
isation by zeta potential not only further confirms the
successful phosphorylation of PK but is also more sensitive to
show surface changes from the introduced phosphates groups.
The potential applications of this type of materials are
numerous, for instance, cation exchange medium with its high
charge and large hydrodynamic volume in aqueous media.
Moreover, such materials can be used in different formulations:
in water-based paints as a dispersing agent, stabiliser and
rheological agent. The problems with the stability of emulsions
and products can be solved with this type of product. The
results of structural characterisation and the physico-chemical
analysis of the PKP led us to propose an approximate struc-
ture after phosphorylation (Fig. 6).

3.4 Thermal studies of phosphorylated fibers

Phosphorylated fibers are products that have anti-fire proper-
ties. Several studies have shown that the presence of phosphate
groups prevent the spread of flames by preventing the diffusion
of the oxidant, oxygen, inside the material.>*”***” The phos-
phate groups form a protective shell. To better understand the
mechanism of decomposition and the formation of the
protective layer by the phosphate groups, we refer to what has
already been done in this field.

The monitoring of the decomposition of cellulose as a func-
tion of temperature and the analysis of the products formed
during decomposition have shown that, primarily, dehydration,
rearrangements and depolymerisation occur. At temperatures
below 400 °C, the monomeric repeating unit cellobiose mainly
transforms into levoglucosan.**** The examination of Fig. 7 and
S2F shows that the introduction of phosphate groups lowers the
onset of decomposition towards low temperatures. We have
recorded the various successive losses in Table 5 and the
temperature intervals at which they occur.

While unmodified cellulosic fibers are characterised by two
maximum mass-loss temperatures, phosphorylated cellulosic
fibers displayed four degradation stages (Fig. 7b). The two
temperatures (Tina/°C) of PK are 54 °C and 357 °C, which
correspond successively to the mass losses (Am/%) of water
adsorbed by the fibers (1.87%) and the decomposition of
cellulose chains (84.66%). In addition to the loss of water, the

Table 5 Thermal parameters of the obtained phosphorylated cellulosic fibers from TGA analysis in N, atmosphere

First stage Second stage

Third stage

Fourth stage

Am
Samples Timax (°C) (%) Tiax (°C) Am (%) Timax (°C) Am (%) Timax (°C) Am (%) Residue at 600 °C (%)
PK 54 1.87 357 84.66 — — — — 13.46
PKP1 60 2.86 189 711 221 31.36 — 10.30 48.37
PKP2 71 2.73 193 9.16 218 25.14 490 13.08 49.89
PKP3 82 2.62 196 9.35 220 24.76 492 15.02 48.25
PKP4 74 2.13 193 5.44 225 29.01 — 16.54 46.88
PKP5 62 1.97 340 86.91 — — — — 11.12

© 2021 The Author(s). Published by the Royal Society of Chemistry
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phosphorylated fibers exhibit three degradation stages charac-
terised by different temperatures (Ty,/°C) and losses (Am/%),
as can be seen in Table 5 and Fig. S3.T The total loss represents
about 50% at 600 °C. This behaviour of PKP is well known;
thermal degradation and early charcoal formation are respon-
sible for the resistance to fire propagation of materials con-
taining phosphates.

In a previous work, we focused on the empirical mechanism
proposed by various researchers to explain the degradation of
phosphorylated fibers and the formation of the protective
layer.* It appears from these studies that there is first a release
of phosphoric acid into the medium. With the combined effect
of phosphoric acid and temperature, classic dehydration reac-
tions take place. There is formation of unsaturation in the
repeating units of the cellulose chains. The presence of
hydroxyls of the glucopyranose and of the newly created unsa-
turation promote the formation of carbonyl groups through
a keto-enol balance.”®

Also, a highly phosphorylated sample with a phosphorus
content of about 20% (DSp > 2) begins to decompose at lower
temperatures than unmodified cellulosic fibers. The first step
with a mass loss (Am/%) of 2.73 at a temperature Ty, of 71 °C
corresponds to the loss of water that has been adsorbed. The
quantity of water and the temperature associated with this
phenomenon are higher than those of PK alone. This is
a predictable result, given the presence of highly polar and
hydrophilic phosphate groups. The second mass loss of 9.16%,
at a temperature of 193 °C, corresponds to dehydration reac-
tions accompanying the departure of phosphoric acid (Fig. 7b).
Indeed, it has been shown that the first group that leaves the

24214 | RSC Adv, 2021, 1, 24206-24216
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phosphorylated chains is the phosphate group;* of the four
phosphate groups grafted onto the repeating unit of the cellu-
lose chains of the fibers, we believe that those located in the C2
carbon, the most crowded region, without free rotation, are the
first to leave. Studies carried out on polystyrene show that the
grafting of acetate groups in the alpha carbon of styrene (-
acetoxystyrene) causes the polystyrene chain to lose all flexi-
bility. Poly a-acetoxystyrene has no glass transition or melting
temperature, and releases acetic acid at 170 °C.* This is mainly
due to the steric hindrance created by the acetoxy group on the
polystyrene chain. Phosphate groups of C6, where there is less
steric hindrance, require more energy and are released secondly
under the combined acid and temperature effect. The condi-
tions are favourable (high temperature, acidic medium and
presence of hydroxyls) for reactions, especially dehydration,
levoglucosan formation, depolymerisation and others, such as
rearrangements.

A study was carried out in 2009 to determine the nature of
the products formed during the heat treatment of cellulose.®
The number of products detected with the gas-chromatography
technique exceeded 100. But the majority of products are in the
following order: levoglucosan (53%), hydroxyacetaldehyde
(8.7%), hydroxyacetone (3.4%) and acetone (3%). The formation
of levoglucosan is thermodynamically favoured by the chain-
end mechanism due to the lowest energy barrier.®* The
second weight loss (9.16%) is attributed to the dehydration of
anhydroglucose and, at the same time, to depolymerisation and
the formation of levoglucosan. Also, the phosphoric acid
formed undergoes a condensation reaction at this tempera-
ture.®* The third loss of 25.14% is attributed to the formation

© 2021 The Author(s). Published by the Royal Society of Chemistry
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and evaporation of levoglucosan. Indeed, its molar mass is
162 g mol ™' and the mass of the starting repeating unit, tetra-
phosphorylated cellobiose, is 662 g mol~". The percentage that
represents the loss of levoglucosan is (162/662) x 100 = 24.47%.
This result fits well with our previous study.**

With the significant conversion of organic mass, almost
50%, we assume that there is a regular mechanism, not random
like the radical mechanism, of formation of a product (levo-
glucosan in this case). It is a chain reaction of depolymerisation
promoted by the presence of the C6 phosphate group. This
phosphate group is a good nucleofuge and facilitates attacks of
the oxygen doublet of the a-hydroxyl of C1, at the end of the
cellulose chain, on the highly electrophilic C6 carbon. This
mechanism can take place more easily if the hydroxyl group of
C1, at the end of the cellulose chain, is in position a«. Due to
mutarotation equilibrium, more than 36% of the hydroxyl of C1
is in position o and 70% in position B. Indeed, in position «, it is
much closer to C6 and can make a nucleophilic attack, facili-
tated by electrophilic and accentuated by the electronegative
phosphate group. In position B, the hydroxyl of C1 is more
distant and it is difficult to imagine such an attack. We believe
that under the conditions of the reaction, there is enough
energy for this reaction to take place. We propose a mechanism
for the formation of levoglucosan, the main product, in 3 stages
(Fig. 8). The first stage is the modification of the position of the
hydroxyl of C1, from position B to a. The second step is the
attack of the oxygen doublet of the hydroxyl of C1 on C6 and
departure of the phosphate. The last step is the hydrolysis of the
anhydroglucose and levoglucosan bond. It is a chain depoly-
merisation mechanism.

The rest of the product is composed of non-volatile products
such as phosphates and cellulosic fibers modified into heavy
compounds, mainly charcoal. Their heat treatment at 490 to
600 °C generates a remaining 49% residue. The mass loss
between 490 and 600 °C is 13.08%. We believe that during this
heat treatment, the most probable reaction is the poly-
condensation of the phosphate groups into polyphosphate
P,0,9, with the elimination of water and CO from organic
residues and others.

4. Conclusion

The application of phosphorylated cellulosic materials has
already shown great promise in the field of materials science
and constitutes a greener alternative for the environment. In
this study, we expanded this repertoire with the elaboration of
novel eco-friendly phosphorylated cellulosic fibers, which have
been successfully fabricated by an improved solid-phase
modification method - a simple approach and an environ-
mentally friendly route with great efficiency compared to those
cited in literature. For the first time, the final phosphorus and
nitrogen contents of prepared phosphorylated fibers can reach
approximately 20 and 5%, respectively, with a maximum DSp
value of 2.68. Also, there was a high value of total charge content
upon phosphorylation, which reached an value of 6608 mmol
kg '. The negatively charged PKP was confirmed with zeta-
potential measurement, which makes it a promising ion-

© 2021 The Author(s). Published by the Royal Society of Chemistry
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exchange material. SEM results clearly show that phosphoryla-
tion reaction prevents the cleavage of the fibers and preserves
its initial surface morphology. By using the results obtained
from the detailed application of the **C/*'P NMR spectra, in
combination with the results from FTIR studies, it has been
demonstrated that the reaction between cellulosic fibers and
phosphoric acid results in surface orthophosphate and pyro-
phosphates groups, either with crosslinking or grafting.

It was also shown that the thermal properties of phosphor-
ylated cellulosic fibers are largely different compared to those of
PK, as they form more residues and they significantly suppress
the release of low-molecular toxic combustible gases. The
greatest benefit of this new approach is the obtained non-
degraded fibers with high phosphorus and nitrogen contents,
whose properties fit the phosphorylated PK-targeted applica-
tion, especially in flame-retardancy and ion-exchange materials.
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