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Abstract In this work, cellulose microfibers (CMFs)

and cellulose nanocrystals (P-CNCs) having phospho-

ric groups on their surfaces were prepared by phos-

phorylation of cellulose extracted from Giant Reed

plant, using ammonium dihydrogen phosphate (NH4-

H2PO4) in a water-based urea system and phosphoric

acid (H3PO4) without urea as phosphorous agents,

respectively. Phosphorylated samples were studied in

terms of their charge content, chemical structure,

crystallinity, morphology, and thermal stability using

several characterization techniques. Conductometric

titration results showed higher charge content after

phosphorylation with urea for P-CMFs about 3133

mmol kg-1, while without urea P-CNCs exhibited 254

mmol kg-1. FTIR analysis confirmed the total removal

of non-cellulosic compounds from microfibers’ sur-

face and their partial oxidation after phosphorylation.

XRD analysis proved that the P-CMFs and P-CNCs

exhibited cellulose I structure, with a crystallinity

index of 70 and 83%, respectively. SEM and AFM

observations showed micro-sized and needle-like

morphologies for P-CMFs and P-CNCs with an

average diameter of 15 lm and 20.5 nm, respectively.

The thermal properties of P-CMFs indicate early

dehydration with high char formation, while the high

thermal stability of P-CNCs (Tmax = 352 �C) was

similar to that of microcrystalline cellulose. The

present work showed new routes for preparing phos-

phorylated micro- and nano-cellulose from a new

natural source, having new functions that benefit

various applications.A. Ait Benhamou � M. Nadifiyine
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Introduction

It is well-known that cellulose is the most abundant

renewable biopolymer on earth derived from biomass,

with an estimated production of about 1011-1012 tons

per year (Kadimi et al. 2016). Owing to its unique

properties, such as biodegradability, low density, and

good mechanical properties, about 6 9 109 tons are

used as a raw material in many applications including,

textiles and papermaking (Lavoine et al. 2012;

Bahloul et al. 2020). In nature, cellulose production

can be involved in two separate pathways, either by

natural synthesis (photosynthesis procedures) or by

bacterial synthesis (Illy et al. 2015; Trache et al. 2017).

Cellulose is present in numerous plants, marine

biomass/animals, fungi, and bacteria; the primary

source of cellulose is wood (Trache et al. 2017), e.g.,

10 g of cellulose per day can be produced by a tree

(Dufresne 2019).

Nowadays, attention has turned towards nanocel-

lulose as a promising renewable bio-nanomaterial

(Noguchi et al. 2017; Rol et al. 2019; Trache et al.

2020a), showing excellent attractive properties such as

high strength, high crystallinity, high specific surface

area, high aspect ratio, high stiffness, low thermal

expansion coefficient, excellent chemical and col-

loidal stability (Noguchi et al. 2017; Tarchoun et al.

2019b; Kassab et al. 2020b). These properties make

nanocellulose a viable source in various applications

(Tian and He 2016; Liao et al. 2019; Trache et al.

2020a). Cellulose can be processed into micro-

structured materials (cellulose microfibrils (CMFs),

and cellulose microcrystals (MCCs)) and nanomate-

rials (cellulose nanocrystals (CNCs), cellulose

nanofibrils (CNFs), and bacterial nanocellulose) using

combined effects of chemical and mechanical treat-

ments (Trache et al. 2017, 2020a; Rol et al. 2019;

Bahloul et al. 2020). CNCs are an exciting class of

nanomaterials due to their natural origin and inherent

properties (Kassab et al. 2019b; Trache et al.

2020a, b). CNCs have mainly been used as low-cost

sustainable materials in different fields, including

packaging, fire retardancy, 3D printing, heavy metal

adsorption, and biomedical applications (Liu et al.

2015; Siqueira et al. 2017; Trache 2018; Athuko-

ralalage et al. 2019; Fiss et al. 2019; Mahmud et al.

2019; Rol et al. 2019; Lehtonen et al. 2020; Trache

et al. 2020a).

Currently, several studies have focused on improv-

ing cellulosic material properties via chemical func-

tionalization as a pretreatment to graft functional

groups on their surfaces, giving them enhanced

performances that expand their use in specific fields

of applications (Ghanadpour et al. 2015; Tian and He

2016; Noguchi et al. 2017; Rol et al. 2019). The main

challenge of these protocols is related to the use of

toxic compounds with complex protocols, which is

still quite challenging at the industrial level (Isik et al.

2014; Rol et al. 2020). Phosphorylation is considered a

promising green alternative method to these modifi-

cations, using water as a green solvent (Noguchi et al.

2017; Rol et al. 2019). It also leads to the formation of

anionic groups on the surface of cellulose, with an

important charge content (CC) reaching more than

4000 mmol kg-1 (mmol of negative charges per

kilogram of cellulose) (Rol et al. 2020).
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The application of phosphate derivative com-

pounds in combination with cellulose materials is an

old process that has been developed in numerous

studies since 1930 using different organic solvents in

combination with several phosphorous agents (Reid

et al. 1949; Granja et al. 2001; Suflet et al. 2006; Aoki

and Nishio 2010; Illy et al. 2015). Currently, limited

studies report more convenient cellulose phosphory-

lation using water as a green solvent. Ghanadpour

et al. developed a new phosphorylation protocol, using

(NH4)2HPO4 in the presence of urea with a curing

temperature of 150 �C for 1 h (Ghanadpour et al.

2015). The resulting phosphorylated CNFs exhibited a

maximum CC of 1800 mmol kg-1. Later, Noguchi

et al. used another phosphorylation process, where

softwood pulp sheets were soaked in a solution of

NH4H2PO4/urea, dried, and then cured in hot temper-

ature at 165 �C for 10 min (Noguchi et al. 2017). The

obtained P-CNFs showed higher CC (2200 mmol

kg-1). More recently, Rol et al. optimized, for the first

time, the phosphorylation protocol adopted from

Ghanadpour et al. using different phosphate salts to

improve phosphorylation efficiency (Rol et al. 2020).

The prepared samples showed a significant increase in

the final CC reaching 4400 mmol kg-1. Whereas

without urea, phosphorylation occurs with a small

amount of CC as previously reported in the literature

(Camarero Espinosa et al. 2013; Kokol et al. 2015;

Baek et al. 2018).

In this work, Giant Reed (GR) plant was used

among all renewable materials to produce phospho-

rylated cellulose, aiming to valorize unexplored

Moroccan resources. Giant Reed, also known as

Arundo Donax L, is an herbaceous plant belonging

to the Poaceae family (Fernando et al. 2016). It is of

Asian origins (Silva et al. 2014), generally found

growing spontaneously in all countries overlooking

the Mediterranean Sea (Fernando et al. 2016), partic-

ularly Morocco. Generally, its average productivity of

dry matter can reach 3 to 37 t/ha, which is slightly

higher than that of sugar cane (5 to 23 t/ha) (Silva et al.

2014). Moreover, GR grows in warm and hot climates,

especially in wet places, including rivers, lakes, and

irrigation canals (Jiao et al. 2016; Tarchoun et al.

2019a). This non-woody material is considered a

promising material for energy production due to its

rapid growth rate, high capability to adapt to different

climate conditions as well as resistance to long arid

season (Silva et al. 2014). For several decades, GRwas

mainly used in traditional applications such as musical

instruments (woodwind), paper making, hand-woven

baskets, fishing roars, etc. (Lewandowski et al. 2003;

Fiore et al. 2014). Recently, few studies investigate

cellulose production and GR application due to its

significant cellulose content (49.4–33%) (Barana et al.

2016; Jiao et al. 2016; Tarchoun et al. 2019a; Bessa

et al. 2021).

The novelty of this work is the processing of

extracted cellulose from GR to phosphorylated micro-

and nano- cellulose. The application of NH4H2PO4 in

a water-based urea system at high temperature leads to

the formation of phosphorylated cellulose microfibers

(P-CMFs) with high CC, important char formation as

well as early thermal degradation. At the same time,

the use of only phosphoric acid revealed the formation

of phosphorylated-CNCs with low CC, high crys-

tallinity, and thermal stability. The phosphorylated

cellulose (P-CMFs, and P-CNCs) were studied in

terms of their CC, chemical structure, crystallinity,

morphologies, and thermal stability.

Materials and methods

Chemicals and raw material

Giant reed (Arundo donax) plant (Fig. 1), were

collected from a local farm in Beni-Mellal-Khenifra

region, Morocco. Microcrystalline cellulose powder

(MCC) was obtained from Alfa Aesar. Phosphoric

acid (H3PO4, 85%), sodium hydroxide (NaOH, [
97%), glacial acetic acid (CH3COOH, [ 99%),

sodium chlorite (NaClO2, 80%), Urea ((NH2)2CO)

and Ammonium dihydrogen phosphate (ADP) (NH4-

H2PO4), were purchased from Sigma Aldrich. All

chemicals were used as received without further

modification.

Extraction of cellulose microfibers

As reported in previous works (Bahloul et al. 2020;

Kassab et al. 2020a, c; Boussetta et al. 2021), cellulose

microfibers (CMFs) extraction has been done in three

steps. Firstly, crushed raw Giant Reed (GR) (1.5 mm)

were treated in distilled water for 1 h at 60 �C in order

to eliminate organic and hot water extractives (Ber-

oual et al. 2021). The solid-to-liquid ratio used was

1:20 (g:mL). At the end of the treatment, the pre-
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treatedGRwas cooled and washed with distilled water

to remove the solubilized compounds and organic

extractives. Afterward, the GR residue was treated

three times with an aqueous alkaline solution (4 wt.%

NaOH (m/v) at 80 �C for 2 h under stirring. The

residue was washed with water until achieving a

neutral pH. Finally, the alkali-treated fibers were

successively bleached using a bleaching solution

made up of equal parts (v:v) of acetate buffer (27 g

NaOH and 75 mL glacial acetic acid, diluted to 1 L of

distilled water) and aqueous sodium chlorite (1.7 wt.%

NaClO2 in water). This treatment was done three

times, resulting in pure cellulose microfibers (Fig. 1).

Phosphorylation of cellulose microfibers

Phosphorylated cellulose microfibers from GR plant

were successfully prepared using the well-known

phosphorylation process in the presence of urea,

according to previous works in literature (Ghanadpour

et al. 2015; Noguchi et al. 2017). For that, 4.5 g of

ADP (NH4H2PO4) and 12 g of urea were solubilized

under stirring in 15 g of deionized water. After that,

the prepared solution was added dropwise to 10 g of

dispersed CMFs evenly. Then, wet CMFs were dried

overnight at 60 �C, and cured for 1 h in hot temper-

ature (150 �C). Finally, the phosphorylated fibers were
cooled and repeatedly washed with distilled water to

remove non-attached reagents. The resulting product

Fig. 1 Overall steps for P-CMFs and P-CNCs extractions using two different phosphorylation processes of CMFs from raw GR
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was denoted phosphorylated cellulose microfibers (P-

CMFs) (see Fig. 1).

Preparation of phosphorylated P-CNCs

Phosphorylated cellulose nanocrystals (P-CNCs) were

isolated using phosphoric acid hydrolysis (Camarero

Espinosa et al. 2013; Zhang et al. 2014; Kassab et al.

2020c). 1 g of CMFs was added to 20 ml of preheated

phosphoric acid (9 M) in reflux heating at 60 �C. The
mixture was repeatedly homogenized for 2 h by

mechanical stirring. Afterward, the obtained mixture

was cooled in an ice bath to stop the reaction. The

diluted mixture was then washed by successive

centrifugation at 12,000 rpm for 20 min at 15 �C to

remove the remaining acids. The resulting CNC

suspension was exposed to dialysis against distilled

water for 4-6 days until a constant neutral pH was

reached. The resulted P-CNCs (Fig. 1) were conse-

quently sonicated in an ice bath for 5 min using an

ultrasonic homogenizer at 25% amplitude, and a

partial quantity of suspension was freeze-dried and

stored for further characterizations.

Conductometric titration

The charge content (CC) of phosphorylated cellulose

samples was determined using modified conducto-

metric titration process from previous works (Ca-

marero Espinosa et al. 2013; Ghanadpour et al. 2015;

Kokol et al. 2015; Noguchi et al. 2017). For that, 0.3 g

of phosphorylated samples (P-CMFs and P-CNCs)

were dispersed in distilled water (100 mL) containing

10 mL of NaCl (0.01 M), and the mixture was

homogenized for 5 min in an ice bath.

The pH of the mixture was reduced to the range

2.5–3 using hydrochloric acid (0.1 M). After that,

NaOH (0.1 M) solution was added stepwise while the

conductivity was monitored. This was continued until

the pH reached 11. The CC was determined using the

following Eq. (1):

CC ðmmol kg�1Þ ¼ CNaOH � VNaOH

WCNC
� 106 ð1Þ

where VNaOH is the added volume (L) corresponding

to the plateau length, CNaOH is the employed concen-

tration of NaOH (M), and WCNC is the used weight of

phosphorylated samples (g) (Camarero Espinosa et al.

2013).

Characterization

The chemical structure of the cellulosic materials was

studied using Fourier transform infrared spectroscopy

(FTIR, Perkin-Elmer Spectrum 2000) equipped with

ATR accessory. All FTIR spectra were recorded in

4000–600 cm-1 range with a resolution of 4 cm-1 and

an accumulation of 16 scans. The crystalline structure

of all studied cellulosic materials was determined

using X-Ray diffractometer (D2 PHASER diffrac-

tometer, BRUKER). Each material was prepared in

the form of powder then placed on the sample holder to

obtain uniform X-ray exposure. The samples were

scanned with CuK radiation (k = 1.54056 Å) in the 2

range of 5–40 �C, while the voltage and current were

fixed at 40 kV and 40 mA, respectively. To study the

crystallinity of all cellulosic materials, the crystallinity

index (CrI) was calculated following the equation of

Segal (2) (Segal et al. 1958):

CrI ¼ I200 � Iam
I200

� 100 ð2Þ

where I200 is the maximum intensity of the (200)-

lattice peak at around 2h = 22.8�, and Iam is the

intensity from the amorphous phase at approximately

2h = 18.6�.
The effect of chemical treatment on cellulose

microfibers morphologies and fibers diameter was

examined using a scanning electron microscope

(SEM, Zeiss Evo 10) operated at 15 kV. For that, the

samples were coated with a thin conductive carbon

layer using an ion sputtering apparatus. Atomic force

microscopy (AFM, Veeco Dimension ICON) was

used to investigate the morphology and dimensions of

the nanocrystals. Samples were prepared as follows,

0.01 wt% of CNCs dispersed in aqueous solution was

sonicated for 5 min, then deposited on a mica sheet,

and dried in an oven at 80 �C for 15 min. The analysis

was performed in tapping mode and image treatments

were carried out using Veeco Data Analysis Software.

The thermal stability and the degradation behavior

of all samples were evaluated by thermogravimetric

analysis (TGA) using TA instruments (Discovery

TGA,). Samples were heated from room temperature

to 700 �C at a heating rate of 10 �C/min. All

measurements were done under a nitrogen atmosphere

with a gas flow of 20 mL min-1 to prevent oxidation

effects.
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Results and discussions

Possible chemical structure of phosphorylated

cellulose fibers

Commonly, cellulose phosphorylation creates func-

tional groups on the surface of fibers via substitution of

the free hydroxyl groups present in C2, C3, or C6 sites

by phosphoric groups (Aoki and Nishio 2010; Kokol

et al. 2015). As a result, different uncrosslinked and

crosslinked structures are produced, as shown in

Fig. 2.

Regarding the uncrosslinked structures, phosphoric

acid or phosphate salts react with the free hydroxyl of

cellulose forming phosphate groups with two acidic

protons (Cell-O-P(O)(OH)2) or phosphite groups with

one acidic proton (Cell-O-P(H)(=O)(OH)), as depicted

in Fig. 2 (form A-1 and B-1) (Kokol et al. 2015; Rol

et al. 2020). While, crosslinking structures can also

occur due to the presence of high CC (Noguchi et al.

2017), where the possibility of crosslinking with one

or two strong acids appear (see depicted form 2 and 3).

Another possibility of crosslinking structure can also

be found with tri-substituted esters (form 4) (Kokol

et al. 2015). Furthermore, the presence of some

aggregates in phosphorylated samples is a clear

indication that confirms the presence of crosslinked

structures, as reported by Rol et al. (2020). These

aggregates are tough to destroy and are undesirable in

the process of nano-fibrillation (Rol et al. 2019).

Otherwise, without urea, phosphorylation also leads to

the structures mentioned above (form A-1 and B-1 in

Fig. 2), with no crosslinking structures due to the

presence of low CC (Kokol et al. 2015). Besides,

conductometric titration, FTIR, and TGA analyses

could be used to determine fiber’s possible structures

and phosphate position.

Phosphate content measurement

Conductometric titration was performed as an efficient

method to measure the CC and get more information

about the possible phosphorus form created. It was

previously reported that the conductometric titration

could help in investigating the possible chemical

structure of phosphorylated cellulose (Suflet et al.

2006; Kokol et al. 2015). Figure 3a, b show the

conductometric titration curves of P-CNCs and

P-CMFs, respectively.

Generally, conductivity curves with strong acid and

base can be divided into three specific regions

(Kawaguchi et al. 1995; Dos Santos et al. 2009). The

first region corresponds to the consumption of strong

free protons H? present in solution, which leads to an

important decrease in conductivity due to the NaOH

addition. The second region is related to the neutral-

ization of weak acids present in the surface of

Fig. 2 Possible

phosphorylated cellulose

structure
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cellulose, and the final region is assigned to the excess

of added NaOH.

In the case of P-CNCs, the conductometric titration

curve (Fig. 3a) clearly indicates the presence of only

one inflection point, which divided the curve into three

major regions, as already seen. The presence of one

plateau means that only one -OH group was titrated by

this method, similarly as reported by Espinosa et al.

(Camarero Espinosa et al. 2013). While, the P-CMFs

curve (Fig. 3b) exhibited an additional plateau due to

the presence of three inflection points, indicating that

two hydroxyl groups have been consumed during the

titration process. Moreover, it is also clear from the

titration curves that the total CC increased with

increasing plateau length, and P-CMFs exhibited a

longer plateau than that observed for P-CNCs, which

explains the high measured CC for P-CMFs 3133

mmol kg-1 compared to P-CNCs 254 mmol kg-1.

This high difference in CC was expected since the

phosphorylation without urea leads to a very low CC

on the surface of cellulose, as previously reported in

the literature (Camarero Espinosa et al. 2013; Kokol

et al. 2015; Baek et al. 2018; Kassab et al. 2020c).

While the presence of urea in phosphorylation allows

obtaining a large amount of phosphate as in the case of

molten urea (Kokol et al. 2015), or in the case of a

water-based urea system, which is in accordance with

the results obtained (Ghanadpour et al. 2015; Noguchi

et al. 2017; Rol et al. 2020).

Regarding the possible chemical structure, the

titration of two hydroxyl groups with high CC in the

surface of P-CMFs indicates clearly that the chemical

structure exhibited phosphate groups (Cell-O-

P(O)(OH)2) with two acids (see depicted form A-1

in Fig. 2). This aspect was in total agreement with

FTIR analysis that showed the absence of P-H peak at

about 2360 cm-1 in P-CMF sample (see below).

While the presence of only one plateau is not sufficient

to predict the chemical structure of attached phospho-

rous to CNC due to the low CC as well as the absence

of characteristic peaks (P–O–C; P–OH and P–H) in

FTIR spectra (Fig. 4).

FTIR analysis

FTIR analysis is an efficient method to assess the

structural changes that occurred during different

stages of treatments and to confirm the functional

groups present in the P-CMFs and P-CNCs (Kassab

et al. 2020c).

Figure 4a shows a comparison between FTIR

spectra obtained for raw GR, extracted CMFs, and

MCC. It can be seen that the characteristic bands of

cellulose molecules were observed in all the samples,

which are comparable to the commercial MCC

(Tarchoun et al. 2019a; Kassab et al. 2020c), and

cellulose from other sources (Bahloul et al. 2020;

Kassab et al. 2020a, c). Commonly, the broadband at

3335 cm-1 correspond to O–H stretching vibrations,

the peak at 2903 cm-1 are assigned to C–H stretching

vibrations of CH2 group and the band around

1628 cm-1 is due to deformation vibration of

absorbed water, related to the hydrophilic nature of

cellulosic materials (Liu et al. 2015; Tarchoun et al.

2019a; Kassab et al. 2020c; Ait Benhamou et al.

2021). Besides, the three bands that appeared at
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Fig. 3 Conductometric titration curves of a P-CNCs and b P-

CMFs
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1423 cm-1, 1370 cm-1
, and 1320 cm-1 are attributed

to CH2 symmetric bending vibration, C–O symmetric

stretching, or C-H asymmetric deformation in

polysaccharide aromatic rings of cellulose and C–H

bending, respectively (Tarchoun et al. 2019a; Kassab

et al. 2020c). Furthermore, the bands located at
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Fig. 4 FTIR spectra of raw GR, extracted CMFs, and MCC (a) and P-CMFs with P-CNCs samples (b)
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1160 cm-1, 1105 cm-1, 1023 cm-1, and 896 cm-1

are related to C–O–C asymmetric bridge vibration of

the b-glycosidic linkage, C–O pyranose ring skeletal

stretching, C–O bond stretching, and C1–H deforma-

tion with ring vibration contribution and OH bending,

respectively (Tarchoun et al. 2019a; Kassab et al.

2020c).

From Fig. 4a, it is clear that raw GR shows some

changes compared to the spectrum of the extracted

CMFs and commercial MCC due to the elimination of

non-cellulosic components (Kassab et al. 2020c). The

bands at 1733 cm-1, 1508 cm-1, and 1240 cm-1

observed only in raw GR sample are assigned to C=O

stretching vibration of the carbonyl and acetyl groups

in the xylan component of hemicelluloses or the ester

linkage of the carboxylic group of ferulic and

p-coumaric acids of lignin and/or hemicelluloses, the

C = C stretching vibrations from the aromatic

hydrocarbons in lignin and C–O out-of-plane-stretch-

ing-vibration of the aryl group of lignin and hemicel-

luloses molecules (Tarchoun et al. 2019a; Kassab et al.

2020c). In contrast, these peaks are not detected in the

spectrums of CMFs, P-CMFs, and P-CNCs, which

clearly indicates that the treatment results in the total

elimination of non-cellulosic components. To the best

of our knowledge, the presence of bands at

1423 cm-1, 1160 cm-1, 1105 cm-1 and 896 cm-1

in the CMFs spectrum indicates clearly that the

extracted CMFs from GR plant are in the form of

cellulose I structure (Fortunati et al. 2013; Kassab

et al. 2020c), which is in accordance with XRD

analysis (Fig. 5).

Figure 4b compiles FTIR spectra of phosphory-

lated cellulose P-CMFs and P-CNCs. As shown,

additional new peaks were detected at 834 cm-1 and

910 cm-1, generally corresponding to P–O–C alipha-

tic bond and P–OH stretching mode, respectively

(Ghanadpour et al. 2015; Lehtonen et al. 2020). Also,

the presence of a new slight band at 1230 cm-1

assigned to the P=O stretching vibration supports the

phosphorylation of cellulose (Ghanadpour et al. 2015;

Lehtonen et al. 2020). The presence of a new sharp

band at 1710 cm-1 corresponded to C=O stretching

vibration indicates that partial oxidation of cellulose

occurs during the reaction (Aoki and Nishio 2010;

Ghanadpour et al. 2015).

In contrast, the two bonds relative to P–O–C and P–

OH vibrations were not detected for the P-CNCs.

While the intensity of P=O band was inferior for

P-CNCs than that in P-CMFswhich is probably related

to the applied phosphorylation process without urea

that graft low content of phosphate groups in the

surface of nanocrystals as observed in conductometric

titration (254 mmol kg-1 for P-CNCs compared to

3133 mmol kg-1 for P-CMFs). Similar findings were

reported previously using the same protocol (Ca-

marero Espinosa et al. 2013; Kassab et al. 2020c).

Moreover, the absence of P-H bond adsorption

(2360 cm-1), and the presence of P=O and P–OH

bonds in P-CMFs, indicates that the attached phos-

phorous to cellulose was in the form of phosphate

groups containing two acidic protons (Ghanadpour

et al. 2015; Kokol et al. 2015; Noguchi et al. 2017),

which confirms the structure depicted in Fig. 2 (form

A-1). While for P-CNCs, it is not evident to predict its

structure due to the low CC that influences the

presence of characteristic peaks in FTIR spectra,

which strengthens the presence of two proposed

possibilities except for crosslinked one. These results

confirm the conductometric titration findings.

X-ray diffraction

XRD analysis was used to study the crystalline

structure and the crystallinity index of all studied

samples (GR, CMFs, P-CMFs, and P-CNCs). Figure 5

shows the XRD patterns of all samples and the

determined crystallinity index is mentioned in

Table 1. It is clear that all samples exhibited four

major peaks at 2h = 14.9, 16.7, 22.5, and 34.6

attributed to the crystallographic planes of 1�10, 110,

200, and 004, respectively, all of which were in

accordance with typical reflection planes of cellulose I

structure (Tang et al. 2015; Gong et al. 2017). These

results clearly indicate that there are no changes in the

polymorphism of cellulose I after different consecu-

tive treatments, including bleaching treatments and

phosphorylation processes, which confirms that GR

plant could be categorized as a lignocellulosic

material.

The measured crystallinity index of raw GR was

56%, while that of extracted CMFs was 73%

(Table 1). This improvement in CrI from raw to

extracted cellulose can be explained by the total

elimination of amorphous non-cellulosic components

(Hemicellulose, lignin, pectin and wax) by alkali and

bleaching treatments (Fujisawa et al. 2014), as
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confirmed by FTIR analysis. This finding is close to

that reported for CMF extraction from a similar source

using another isolation process (CrI = 54 and 68% for

raw and CMFs, respectively) (Tarchoun et al. 2019a).

The crystallinity of phosphorylated samples

depends strongly on the type of phosphorylation

(Fig. 5; Table 1). The obtained CrI values were found

to be 70%, 83 and 83% for P-CMFs, P-CNCs and

MCC, respectively. This slight reduction of about 3%

in the crystallinity index of P-CMFs compared to

purified CMFs related to the presence of a large

amount of phosphate groups (3133 mmol kg-1) in the

amorphous part of cellulose. As commonly known,

cellulose phosphorylation generally occurs in the

amorphous regions (Kokol et al. 2015).

On the other hand, the obtained CrI of P-CNCs is

higher than that of CMFs and compared to that

obtained for MCC (83%). This finding indicates that

acid hydrolysis increased the crystallinity of the

resultant P-CNCs, due to the role of applied acid that

attacks the amorphous domains of the extracted CMFs

and leaves the crystalline one unaltered, as seen in

AFM image (Fig. 7). Similar findings were reported

previously using the same method to extract P-CNCs

from other sources such as tomato plant residue

(Kassab et al. 2020c), and Whatman filter paper
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Fig. 5 XRD patterns of raw GR fibers and extracted CMFs (a), P-CMFs, P-CNCs and MCC

Table 1 Structural, morphological and thermal parameters of GR fibers, CMFs, P-CMFs, P-CNCs and MCC samples

Samples Crystallinity

index%

SEM or AFM TGA/DTG Charge content

(mmolkg-1)
D (lm ornm) L (nm) Tonset10% (�C) Tmax (�C) R (%)

at 600 �C

Raw 56 115 lm ± 3.4 - 230 318 25 -

CMFs 73 13 lm ± 1.2 - 261 330 23 -

P-CMFs 70 15 lm ± 2.3 - 217 257 50 3133

P-CNCs 83 20.5 nm ± 2.6 674 ± 152 294 352 22 254

MCC 83 - - 301 326 5 -
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(Camarero Espinosa et al. 2013). Whereas, lower CrI

was reported for P-CNCs extracted from bamboo

source 67% (Zhang et al. 2014), and for P-CNCs from

medical cotton 58% (Mahmud et al. 2019).

Morphological characterization

Scanning electron micrographs of raw GR fibers,

extracted CMFs and P-CMFs were shown in Fig. 6.

These micrographs were recorded to explore the

morphological features after different chemical treat-

ments and to determine the dimensions of all studied

samples.

The SEMmicrographs of raw GR (Fig. 6a) indicate

the presence of long fibers with hierarchical structure

and rough surface, as reported previously (Zhang et al.

2014; Tarchoun et al. 2019a). This roughness indicates

that the cell walls of raw GR fibers have a compact

structure, where cellulose fibers are immersed in an

open matrix of hemicellulose and lignin (Giudicianni

et al. 2014; Kassab et al. 2019c). In Fig. 6b, individual

clean fibers with thinner and shorter dimensions were

observed for purified CMFs. Using alkali treatment,

the non-cellulosic compounds (lignin and hemicellu-

lose) were partially removed from the raw GR fibers

(Kassab et al. 2019c). After the bleaching treatment,

the total removal of the cementing materials resulting

in defibrillated microfibers.

The average diameter of raw GR fibers was

considerably decreased from 115 to 13 lm (Table 1)

after successive chemical treatments. This finding is in

accordance with previous studies (Kassab et al.

2019c, 2020a, c), using the same protocol to purify

cellulose microfibers, resulting in the total elimination

of non-cellulosic components as confirmed in FTIR

analysis (Fig. 4). Furthermore, the obtained yield of

the CMFs from the initial dry weight of GR was found

to be 36%. It is essential to know that the obtained

yield is similar to that extracted from the same plant,

using another bleaching treatment (Tarchoun et al.

2019a). In comparison to CMFs isolated from other

bio-sourced materials using the same bleaching treat-

ment, the obtained yield is quite comparable to that

extracted from tomato plant residue (37%) (Kassab

et al. 2020c), and Alfa fibers (40%) (Kassab et al.

2019c).

Fig. 6 SEM images of Raw GR (a), as-extracted CMFs (b), and P-CMFs (c)
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After cellulose phosphorylation, the fibrillation of

microfibers was not altered as shown in P-CMFs

micrograph (Fig. 6c). Where, the average diameter

was found to be in the range of 15 lm ± 2.3, which is

quite comparable to that measured for pure CMFs

(13 lm± 1.2). Thus, confirming the stability of CMFs

after partial oxidation during curing at high temper-

ature, as seen in FTIR analysis.

To study the successful extraction of P-CNCs from

giant reed CMFs, the morphology and dimensions of

P-CNCs were investigated based on AFM micro-

graphs (Fig. 7). The diameter and length were mea-

sured using Image J as a digital image analyzer

(Kassab et al. 2019a), and the obtained results are

summarized in Table 1.

After the phosphoric acid attack, the amorphous

regions of the isolated CMFs were hydrolyzed.

Simultaneously, the crystalline one shows higher

stability and resistivity against harsh acid attack,

resulting in P-CNCs extraction (Fig. 7). It is clear that

P-CNCs exhibit a needle-like morphology with an

irregular size distribution, confirming their successful

extraction from giant reed CMFs. Moreover, the

needle-like shape is the most acquired morphology

for CNCs after different acid hydrolysis processes

(Zhang et al. 2014; Cheng et al. 2020; Kassab et al.

2020b). This finding confirms the observed increase in

CrI (Table 1) of P-CNCs compared to CMFs one.

Otherwise, the P-CNCs extracted from other

sources using phosphoric acid hydrolysis leads to

P-CNCs with different dimensions. Herein, the aver-

age diameter (D) and length (L) of P-CNCs are 20.5±

2.6 nm and 674 ± 152 nm, respectively, while that

measured for P-CNCs extracted from Whatman filter

paper and tomato plant residue are (D = 31± 14 nm, L

= 316± 127 nm) (Camarero Espinosa et al. 2013), and

(D = 6.2 ± 2.4 nm L = 610 ± 115 nm) (Kassab et al.

2020c), respectively. This is probably attributed to the

original nature of the cellulose extracted from differ-

ent sources, leading to different dimensions, according

to our previous work (Kassab et al. 2020c). Not only

that, but it is also reported that the isolation conditions

play an important role in the resulting CNC dimen-

sions (Cudjoe et al. 2017).

Regarding the aspect ratio (L/D), it is worthwhile

noting that the CNC aspect ratio is one of the most

decisive parameters to assess their usefulness as

reinforcements materials (Kassab et al. 2020c). There-

fore, it was reported in the literature that CNCs with

high (L/D) shows high tensile strength compared to

carbon fibers, Kevlar and stainless steel (Cudjoe et al.

2017). This property makes CNCs promising candi-

dates for nanocomposites development (Fortunati

et al. 2013; Cudjoe et al. 2017).

In this study, the aspect ratio was found to be (L/D)

= 33 for P-CNCs from giant reed, which is higher than

that of P-CNCs fromWhatman filter paper (L/D) = 11

(Camarero Espinosa et al. 2013), and lower than that

of P-CNCs from tomato plant residue (L/D) = 98

(Kassab et al. 2020c). It is observed that phosphoric

Fig. 7 Aqueous suspension and AFM images of P-CNCs
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acid hydrolysis produces P-CNCs with promising

reinforcement effects, taking into consideration that

the minimum value of aspect ratio acquired for a good

stress transfer from the polymer to the nanofibers for

any significant reinforcement to occur is (L/D) = 10

(Flauzino Neto et al. 2013).

Thermal analysis

The thermal stability of cellulosic materials is a

determining factor to assess their suitability as a

potential material in different applications, including

packaging and flame retardancy (Tarchoun et al.

2019a). The thermal properties of phosphorylated

cellulose were investigated by TGA analysis in

comparison with pure cellulose and MCC. The TGA/

DTG curves of raw GR, CMFs, P-CMFs, P-CNCs and

MCC are shown in Fig. 8 and their thermal parameters

are listed in Table 1.

It is clear from Fig. 8b that the thermal decompo-

sition of raw GR occurs in several steps, which are

related to the decomposition of several compounds

such as lignin, cellulose, and hemicellulose that are

generally known by their different decomposition

temperatures. In contrast, the CMF’s DTG curve

showed one main loss that corresponds to cellulose

decomposition characterized by a single peak centered

at 330 �C. Raw GR began to decompose at a

temperature range starting from 170 �C and continue

up to 360 �C with a maximum decomposition at

318 �C, as seen in the DTG measurement (Fig. 8b).

Moreover, the onset temperature (Tonset) of CMFs

starts at about 261 �C, which is higher than that

observed for raw GR that started at about 230 �C.
These results deal with the high thermal stability of

CMFs compared to raw GR, due to the total elimina-

tion of thermally unstable amorphous compounds

(hemicellulose and lignin) after successive chemical

treatments (Tarchoun et al. 2019a; Kassab et al.

2020c). This finding was confirmed by the residual

mass observed for raw GR (25% at 600 �C), which is

slightly higher than that determined for CMFs (23% at

600 �C) owing to the presence of less degradable

moisture content in raw GR (8.40%) compared to

CMFs (5.22%) (Tarchoun et al. 2019a; Kassab et al.

2020c).

Generally, cellulose decomposition in N2 atmo-

sphere taking place in one main loss can be presented

in two involved steps. At low temperatures, glycosyl

units began to decompose into char. In contrast, at

higher temperatures, these units depolymerize into

volatile products (Ghanadpour et al. 2015). In the case

of P-CMFs (Fig. 8b), the Tonset and the temperature of

maximum degradation (Tmax) were determined to be

261 �C versus 217 �C and 330 �C versus 257 �C for

CMFs and P-CMFs, respectively. These results indi-

cate clearly that P-CMFs exhibited the lowest thermal

stability compared to pure CMFs, owing to the

phosphate groups that act as a catalyst in promoting

early dehydration and char formation resulting in a

high reduction of cellulose decomposition (Aoki and

Nishio 2010; Camarero Espinosa et al. 2013; Kokol
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et al. 2015; Rol et al. 2019). In general, the phosphate

groups have been used as flame-retardants due to their

capacity of char formation (Aoki and Nishio 2010;

Camarero Espinosa et al. 2013), which explains the

obtained results of char at 600 �C for P-CMFs (about

50% compared to 23% of raw CMFs). Moreover, the

observed increase in P-CMFs residual mass loss

indicates clearly that the phosphorylation took place

in C6 where the cellulose decomposition was pre-

vented, showing good thermal stability compared to

C2 and C3 phosphorylation that leads to better flame

resistance effect (Aoki and Nishio 2010; Kokol et al.

2015). These results indicate that P-CMFs could be

considered a potential candidate for developing flame-

retardant/resistant materials.

On the other hand, the DTG curves of P-CNCs and

MCC indicate similar thermal behavior to that of

CMFs, with one main loss, showing improved thermal

stability compared to extracted CMFs. Regarding the

thermal stability, the Tonset of P-CNC sample was

found to be 294 �C which is comparable to that of

MCC (301 �C), while the determined Tmax was found

to be 352 �C for P-CNCs which is higher than that of

MCC (326 �C) (Table 1). It was reported previously

that the lignocellulosic materials with high thermal

stability exhibited high crystallinity index (Kassab

et al. 2020c), which is in agreement with our findings.

Whereas the TGA curves (Fig. 8a) showed a low char

yield for MCC, about 5% at 600 �C, while P-CNCs

exhibited 22%. This is due to the effect of function-

alization by phosphate groups in the surface of

crystals confering a high char yield formation com-

pared to MCC (Camarero Espinosa et al. 2013). This

finding is similar to that reported in the literature using

the same phosphorylation process with phosphoric

acid (Camarero Espinosa et al. 2013; Zhang et al.

2014; Kassab et al. 2020c).

To investigate the performance of the phosphory-

lated cellulose and its feasibility in different applica-

tions, a comparative study of their thermal stability

was performed with other phosphorylated cellulose of

previous works in literature. Table 2 displays the

thermal parameter as well as their charge density,

including the type of phosphorylation process. From

Table 2, it is clear that phosphorylated cellulose

prepared with urea showed early thermal decomposi-

tion, important char formation (about 45–55% at

600 �C), and high CC, starting from 1000 mmol kg-1

to more than 3000 mmol kg-1. While, without urea

phosphorylated cellulose exhibited low CC, high

thermal stability, and low char content. These results

can be explained by the important role of urea in

phosphorylation that serves as a catalyst, increases the

phosphate agent penetration, enhances fibers’ swel-

ling, and prevents cellulose decomposition during

phosphorylation (Ghanadpour et al. 2015; Rol et al.

2020).

Regarding the thermal stability, it is clear from the

onset temperature (Tonset), maximum degradation

(Tmax), and char formation that P-CMFs from giant

reed showed comparable behavior to phosphorylated

samples with urea. As known, phosphate groups act as

flame retardants due to their rapid char formation

(Ghanadpour et al. 2015), which reflects the early

thermal dehydration of phosphorylated cellulose with

urea. Moreover, the prepared P-CMFs presented less

Table 2 Thermal stability comparison

Samples Tonset10%

(�C)
T max

(�C)
R at

600 �C (%)

Phosphorylation

Method

Charge density

(mmol kg-1)

References

P-CNFs of cellulose sludge 230 – 55 Urea 1173 Kokol et al. (2015)

P-CNFs of commercial

sulfite softwood

258 283 40 Urea 1839 Ghanadpour et al.

(2015)

P-CMFs of giant reed 217 257 50 Urea 3133 This work

P-CNCs of wood bioethanol

residue

225 – 45 Urea 1038 Kokol et al. (2015)

P-CNCs tomato 235 333 21 No urea 79 Kassab et al. (2020c)

P-CNCs filter paper 220 325 12 No urea 10 Camarero Espinosa

et al. (2013)

P-CNCs giant reed 294 352 22 No urea 254 This work
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Tonset and Tmax (Table 2) than that reported for

P-CNFs of commercial sulfite softwood using the

same protocol, and that of P-CNFs of cellulose sludge

and P-CNCs of wood bioethanol residue using another

protocol in molten urea (Table 2). Thus, it indicates

the early dehydration of P-CMFs compared to the

presented samples. From these results, it is possible to

suggest the as-prepared P-CMFs as a green alternative

to toxic halogen compounds in developing flame

retardant/resistant materials.

Herein, it was also found that the measured CC of

P-CMFs (3133 mmol kg-1) is higher than that

reported by Ghanadpour et al., (1839 mmol kg-1)

using a modified phosphorylation process (Ghanad-

pour et al. 2015). While in the case of molten urea, low

CC was reported by Kokol et al., (1038 and 1173

mmol kg-1) compared to phosphorylated cellulose

prepared in water urea system (Kokol et al. 2015). This

finding proves that CC could be influenced by several

parameters in reaction conditions, including the type

of phosphate agent, form of urea (molten or solubi-

lized), reaction time, temperature, and cellulose

source.

On the other hand, the onset temperature and

maximum degradation of P-CNCs from giant reed

were found to be 294 and 352 �C, respectively, which
is higher than that of P-CNCs from Whatman filter

paper (220–325 �C) (Camarero Espinosa et al. 2013),

and that of P-CNCs from tomato plant residue

(235–333 �C) (Kassab et al. 2020c), using the same

protocol. These results indicate strongly that the

thermal behavior of P-CNCs is related to the origin

and type of cellulose fibers. Effectively, the higher

thermal stability of P-CNCs makes it a potential

candidate, as a reinforcement in the development of

thermally stable nanocomposite films.

Conclusion

Giant Reed (GR) plant has been valorized for the first

time to produce phosphorylated cellulosic materials.

Cellulose microfibers (CMFs) were extracted through

alkali and bleaching treatments of raw GR, with an

average yield and diameter of 37% and 13 lm,

respectively. Then, two different phosphorylation

processes with and without urea have been performed

for the preparation of phosphorylated micro (P-CMFs)

and nano (P-CNCs) cellulose. With urea, a higher

surface charge content (CC) was found. The prepared

P-CMFs showed a micro-sized shape with an average

diameter of 15 lm and a CC of 3133 mmol kg-1.

While the extracted P-CNCs exhibited a needle-like

shape with an important aspect ratio of (L/D) = 33 and

very low CC of 254 mmol kg-1. FTIR analysis

confirmed the total removal of non-cellulosic com-

pounds from the surface of microfibers, as well as their

partial oxidation after phosphorylation. The cellulose I

crystalline structure has been confirmed for all sam-

ples, with a slight decrease in the crystallinity index of

P-CMFs (70%) compared to that of CMFs (73%) due

to the presence of high CC. P-CNCs showed a similar

crystallinity index of 83% to that of microcrystalline

cellulose (MCC). The TGA analysis showed high

thermal behavior for P-CNCs with early dehydration

and high char content for P-CMFs.

From these results, we expect that the use of

P-CNCs as reinforcement in nanocomposite develop-

ment will be very beneficial due to its important aspect

ratio, high thermal stability, high crystallinity and the

ability of phosphate groups to improve the antibacte-

rial properties. P-CMFs may be useful in developing

fire-retardant materials due to its high CC leading to

early thermal dehydration with rapid char formation.

Regarding the diverse potential use of phosphorylated

cellulose, it is motivating to produce micro- and nano-

cellulose from sustainable and inexpensive source as

GR plant with the aim of valorizing unexploited

Moroccan natural resources.

Acknowledgements The financial assistance of the Office
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Granja P, Poulységu L, Pétraud M et al (2001) Cellulose

phosphates as biomaterials. I. Synthesis and characteriza-

tion of highly phosphorylated cellulose gels. J Appl Polym

Sci. https://doi.org/10.1002/app.2193

Illy N, Fache M, Ménard R et al (2015) Phosphorylation of bio-

based compounds: state of the art. Polym Chem

6:6257–6291. https://doi.org/10.1039/C5PY00812C

Isik M, Sardon H, Mecerreyes D (2014) Ionic liquids and cel-

lulose: dissolution, chemical modification and preparation

of new cellulosic materials. Mol Sci 15:11922–11940.

https://doi.org/10.3390/ijms150711922

Jiao Y, Wan C, Qiang T, Li J (2016) Synthesis of superhy-

drophobic ultralight aerogels from nanofibrillated cellulose

isolated from natural reed for high-performance adsor-

bents. Appl Phys A 122:686. https://doi.org/10.1007/

s00339-016-0194-5

Kadimi A, Benhamou K, Habibi Y et al (2016) Nanocellulose

alignment and electrical properties improvement. In:

Multifunctional polymeric nanocomposites based on cel-

lulosic reinforcements. Elsevier, pp 343–376

Kassab Z, Aziz F, Hannache H et al (2019a) Improved

mechanical properties of k-carrageenan-based nanocom-

posite films reinforced with cellulose nanocrystals. Int J

Biol Macromol 123:1248–1256. https://doi.org/10.1016/j.

ijbiomac.2018.12.030

Kassab Z, Ben youcef H, Hannache H, El Achaby M (2019b)

Isolation of cellulose nanocrystals from various lignocel-

lulosic materials: physico-chemical characterization and

123

4640 Cellulose (2021) 28:4625–4642

https://doi.org/10.1007/s10570-010-9440-8
https://doi.org/10.3390/polym11050898
https://doi.org/10.1016/j.carbpol.2018.11.006
https://doi.org/10.1016/j.carbpol.2018.11.006
https://doi.org/10.1016/j.carbpol.2020.117311
https://doi.org/10.1016/j.carbpol.2020.117311
https://doi.org/10.1016/j.indcrop.2016.03.029
https://doi.org/10.1016/j.indcrop.2016.03.029
https://doi.org/10.1007/s10924-020-01858-w
https://doi.org/10.1007/s10924-020-01858-w
https://doi.org/10.1016/j.tca.2021.178882
https://doi.org/10.1016/j.ijadhadh.2020.102737
https://doi.org/10.1016/j.ijadhadh.2020.102737
https://doi.org/10.1021/bm400219u
https://doi.org/10.1016/j.carbpol.2019.115701
https://doi.org/10.1016/j.carbpol.2019.115701
https://doi.org/10.1016/j.carbpol.2016.08.049
https://doi.org/10.1016/j.carbpol.2016.08.049
https://doi.org/10.1016/j.carres.2009.08.030
https://doi.org/10.1016/j.carres.2009.08.030
https://doi.org/10.1007/s40725-019-00088-1
https://doi.org/10.1007/s40725-019-00088-1
https://doi.org/10.1016/j.carbpol.2014.02.016
https://doi.org/10.1021/acssuschemeng.9b00764
https://doi.org/10.1021/acssuschemeng.9b00764
https://doi.org/10.1016/j.indcrop.2012.06.041
https://doi.org/10.1016/j.indcrop.2012.06.041
https://doi.org/10.1007/s10924-012-0543-1
https://doi.org/10.1016/j.polymer.2014.04.019
https://doi.org/10.1016/j.polymer.2014.04.019
https://doi.org/10.1021/acs.biomac.5b01117
https://doi.org/10.1021/acs.biomac.5b01117
https://doi.org/10.1016/j.jaap.2014.08.014
https://doi.org/10.1039/C7RA06222B
https://doi.org/10.1039/C7RA06222B
https://doi.org/10.1002/app.2193
https://doi.org/10.1039/C5PY00812C
https://doi.org/10.3390/ijms150711922
https://doi.org/10.1007/s00339-016-0194-5
https://doi.org/10.1007/s00339-016-0194-5
https://doi.org/10.1016/j.ijbiomac.2018.12.030
https://doi.org/10.1016/j.ijbiomac.2018.12.030


application in polymer composites development. Mater

Today Proc 13:964–973. https://doi.org/10.1016/j.matpr.

2019.04.061

Kassab Z, Boujemaoui A, Ben Youcef H et al (2019c) Pro-

duction of cellulose nanofibrils from alfa fibers and its

nanoreinforcement potential in polymer nanocomposites.

Cellulose 26:9567–9581. https://doi.org/10.1007/s10570-

019-02767-5

Kassab Z, Abdellaoui Y, Salim MH et al (2020a) Micro- and

nano-celluloses derived from hemp stalks and their effect

as polymer reinforcing materials. Carbohydr Polym

245:116506. https://doi.org/10.1016/j.carbpol.2020.

116506

Kassab Z, Abdellaoui Y, Salim MH, Achaby M (2020b) Cel-

lulosic materials from pea (Pisum sativum) and broad

beans (Vicia faba) pods agro-industrial residues. Mater

Lett 280:128539. https://doi.org/10.1016/j.matlet.2020.

128539

Kassab Z, Kassem I, Hannache H et al (2020c) Tomato plant

residue as new renewable source for cellulose production:

extraction of cellulose nanocrystals with different surface

functionalities. Cellulose 27:4287–4303. https://doi.org/

10.1007/s10570-020-03097-7

Kawaguchi S, Yekta A, Winnik M (1995) Surface characteri-

zation and dissociation properties of carboxylic acid core–

shell latex particle by potentiometric and conductometric

titration. J Colloid Interface Sci 167:362–369

Kokol V, Bozic M, Vogrincic R, Mathew AP (2015) Charac-

terisation and properties of homo- and heterogenously

phosphorylated nanocellulose. Carbohydr Polym

125:301–313. https://doi.org/10.1016/j.carbpol.2015.02.

056

Lavoine N, Desloges I, Dufresne A, Bras J (2012) Microfibril-

lated cellulose: its barrier properties and applications in

cellulosic materials: a review. Carbohydr Polym

90:735–764. https://doi.org/10.1016/j.carbpol.2012.05.

026

Lehtonen J, Hassinen J, Kumar AA et al (2020) Phosphorylated

cellulose nanofibers exhibit exceptional capacity for ura-

nium capture. Cellulose 27:10719–10732. https://doi.org/

10.1007/s10570-020-02971-8

Lewandowski I, Scurlock JMO, Lindvall E, Christou M (2003)

The development and current status of perennial rhi-

zomatous grasses as energy crops in the US and Europe.

Biomass Bioeng 25:335–361. https://doi.org/10.1016/

S0961-9534(03)00030-8

Liao JJ, Abd Latif NH, Trache D et al (2019) Current

advancement on the isolation, characterization and appli-

cation of lignin. Int J Biol Macromol 162:985–1024.

https://doi.org/10.1016/j.matdes.2019.108334
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