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A B S T R A C T   

Green chemistry approach for phosphorylation of cellulose, under atmospheric pressure plasma was investigated 
and compared with conventional thermal method. The attachment of the phosphate groups was evaluated by 31P 
and 13C solid state NMR spectroscopy and XPS. The thermal method led to the formation of monophosphate of 
cellulose along with a side product of polymerized phosphate, whereas the plasma method produced only the 
monophosphate, without any side products. Unlike with the thermal treatment, the appearance and the me-
chanical properties of the viscose fabric remained nearly same after the plasma treatment. Also, the dyeability of 
the plasma modified fabric remained unchanged, whereas it decreased significantly in the thermally modified 
fabric. The amount of phosphate quantified by phosphomolybdate assay was found to be 2.88 ± 0.06 and 4.09 ±
0.19 % in the plasma and the thermal methods, respectively. This method has the potential to replace the existing 
methods of phosphorylation of cellulose.   

1. Introduction 

Cellulose is a naturally occurring, abundant, biodegradable and 
biocompatible biopolymer (Klemm et al., 2011). Apart from its appli-
cation in our daily life as a textile apparel material, this biopolymer 
offers several other promising applications. Based on its remarkable 
surface chemistry and physical properties such as temperature stability, 
good mechanical properties and lack of toxicity, this biopolymer finds 
wide applications in the field of biomedical engineering (Lin & Dufresne, 
2014). Further, chemical modifications of cellulose widens its horizon 
for various potential applications such as paper, packaging (Peelman 
et al., 2013; Weber, Haugaard, Festersen, & Bertelsen, 2002), sensors 
(Li, Tian, & Shei, 2010; Ummartyotin & Manuspiya, 2015), reinforce-
ment of composites (Bledzki & Gassan, 1999; Pollanen, Suvanto, & 
Pakkanen, 2013), technical textiles, (Agate, Joyce, Lucia, & Pal, 2018) 
petrochemicals, water purification (Luo et al., 2017; Mautner et al., 
2016), flexible electronics (Hoeng, Denneulin, & Bras, 2016), super-
capacitor (Pérez-Madrigal, Edo, & Alemán, 2016) fire-protecting coat-
ings (Lin, Zeng, Li, Lai, & Wu, 2019) etc. Desired functionalities are 
imparted by using various approaches such as thermal (Ghanadpour, 
Carosio, Larsson, & Wagberg, 2015), microwave (Gospodinova et al., 
2002), enzymatic (Bozic, Liu, Mathew, & Kokol, 2014) and plasma 
(Panda, Jassal, & Agrawal, 2015). 

Reported literature for chemical modifications of cellulose are car-
boxymethylation, TEMPO and periodate mediated oxidation, sulphoe-
thylation, cationization and phosphorylation (Rol, Belgacem, Gandini, 
& Bras, 2019). The application of these modified cellulose derivatives 
has been widely explored in literature. The carboxymethyl and sul-
phonic acid derivatives of cellulose are used as thickeners, additives in 
food products, toothpaste, detergents, paints and sizing materials in 
textile manufacturing (Shim, Noro, Cavaco-Paulo, Kim, & Silva, 2020; 
Yang et al., 2020). The cationic cellulose are widely explored in 
papermaking process, used in cosmetics, added as adsorbents and anti-
bacterial agents (Muqeet et al., 2017) The TEMPO mediated oxidised 
cellulose are used for the production of cellulose nanofibers at a lower 
cost (Rol et al., 2019). 

All such derivatization treatments utilize harsh chemical reagents 
such as highly alkaline and acidic conditions along with elevated tem-
perature, long reaction time and non-aqueous medium, which tend to 
deteriorate the integrity of the delicate substrate (Rol et al., 2019). Such 
harsh conditions are often necessary because the native cellulose has 
rigidity and structural compactness which make it inaccessible for re-
agents to carry out modifications readily (Gospodinova et al., 2002). As 
a result, the surface functionalization of cellulosic fabrics becomes 
challenging. Lately, atmospheric pressure plasma, has emerged as a 
green approach to impart various functionalities such as hydrophilicity, 
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hydrophobicity along with other value-added properties (Mehra, 
Agrawal, & Jassal, 2019; Samanta, Joshi, Jassal, & Agrawal, 2021). 

In context to textiles, cellulose phosphorylation finds various appli-
cations in filtration (Luo et al., 2017), composites (Barud et al., 2007), 
biomedical (Granja, Pouysegu, Deffieux et al., 2001; Granja, Pouysegu, 
Petraud et al., 2001) and flame retardancy (Aoki & Nishio, 2010; Car-
osio, Ghanadpour, Alongi, & Wågberg, 2018; ; Ghanadpour, Carosio, 
Ruda, & Wågberg, 2018; Xu et al., 2019). Table 1 shows the reported 
methods for the phosphorylation of cellulose, which utilize P(III) and P 
(V) oxidation state phosphorus reagents such as, ortho-phosphoric acid, 
phosphorus pentoxide, polyphosphate, di-ammonium hydrogen phos-
phate, sodium hydrogen phosphate with and without aqueous urea or 
molten urea. 

The major challenges with the current techniques for cellulose 
phosphorylation are the evolution of gaseous waste (phosphorus oxides, 
nitrogen oxides and ammonia), use of corrosive reagents of phosphates 
(P2O5 and H3PO4), long reaction time, and high temperatures. More-
over, the use of such methods usually damages the appearance and 
integrity of the cellulosic fabrics. Herein, we report for the first time an 
efficient, solvent free method for the phosphorylation of viscose (re-
generated cellulosic) fabric under atmospheric pressure plasma without 
any pre-treatment step, such as swelling in a solvent. The study in-
vestigates and compares the phosphorylation carried out by the plasma 
method to conventional thermal method. 

2. Experimental section 

2.1. Materials 

Woven viscose fabric of areal density 120 g/m2 was procured from 
Aditya Birla Science and Technology Company Private Limited, Mum-
bai, India. Reagent grade urea and di-ammonium hydrogen phosphate 
(DAHP) were purchased from Fischer Scientific Pvt. Ltd., India. 
Ammonium molybdate heptahydrate and ferrous sulphate were pro-
cured from Merck India. All chemicals were used as received without 
any further purification. Deionized water was used in all reactions. 

2.2. Methods 

2.2.1. Thermal method for phosphorylation of viscose 
All experiments were performed in sealed stainless steel dye pots 

(Mathis labomat dyeing machine, Germany) at a substrate mass to bath 
liquor (M:L) ratio of 1:30. Viscose (AGU unit, 162 g/mol) and DAHP 
(132 g/mol) were used in molar ratios (1:0.5, 1:1 and 1:2). Urea was 
used as three equivalents of DAHP. For example, 2.35 g of viscose fabric 
was immersed in reagent solution containing 2.61 g of urea, and 1.91 g 
of DAHP (for 1:1 ratio) in 70.5 mL deionized water, which was then 
transferred to a stainless-steel dye pot. The stainless-steel pot was tightly 
closed and fixed in labomat dyeing instrument. The fabric immersed in 
reagent solution containing DAHP and urea was rotated at 50 rpm. The 
temperature was slowly raised to 90 ◦C and the treatment was carried 
out for 45 min. The reaction mixture was gradually cooled down to 40 
◦C. The fabric was squeezed out from reagent solution and dried at 80 ◦C 
for 10 min followed by curing at 150 ◦C for 2 min. The scheme for the 
phosphorylation of viscose fabric using thermal method is shown in 
Scheme1a. The prepared sample was rinsed thoroughly with water 
before further use. 

2.2.2. Plasma method for phosphorylation of viscose 
Plasma Characteristics: The electrical parameters of the continuous 

wave plasma, such as current-voltage curve and power values were 
characterized as per the reported literature using digital phosphor 
oscilloscope DPO 3012, Tektronix, Inc. (USA) along with P6015A high 
power voltage probe (Mehra et al., 2019; Panda, Jassal, & Agrawal, 
2013). 

Viscose fabric and DAHP were used in various molar ratios (1:0.5, 
1:1 and 1:2) as discussed above. Urea was used as three equivalents of 
DAHP. For example, 0.7578 g of viscose fabric was immersed in reagent 
solution containing 0.841 g of urea, and 0.6169 g of DAHP (for 1:1 ratio) 
in 22.7 mL of deionized water. The viscose fabric was dipped in the 
solution for 5 min, padded to remove excess liquor (at an expression of 
100 %) and dried at 80 ◦C for 10 min. In the next step, the dried fabric 
was purged with helium gas at a rate of 0.6 slpm for 10 min. The sample 
was subjected to continuous wave glow plasma formed in the presence 
of helium gas (0.4 slpm) at 5.8 W of power (Power density of 0.3 W/cc) 
for 2 min. The scheme for the phosphorylation of viscose fabric using 
plasma method is shown in Scheme 1a. The samples prepared was rinsed 

Table 1 
Reported methods for phosphorylation of cellulose.  

Substrate Pre & post treatment conditions Reagent/chemicals Reaction 
conditions 

Ref.a 

Cellulose- membrane None DMF, P2O5 48 h, 25 ◦C Kim et al., 1998 
Cotton cellulose None DMF, phosphorus oxychloride 2 h, 100 ◦C Vigo & Welch, 1974 
Poplin cellulose post treatment at 170 ◦C for 10 

min 
H2O, dihydrogen phosphate and urea 25 ◦C Baugh, Bradbury, & Lawton, 1978. 

Paper cellulose Swelling in 70 % aq. zinc 
chloride solution 

Phosphorus acid, urea 8h, 150 ◦C Inagaki, Nakamura, Asai, & Katsuura, 
1976 

Microcrystalline 
cellulose 

24 h swelling in DMF or 85 % 
orthophosphoric acid 

Phosphoric acid, P2O5, Et3PO4, hexanol N2, 72 h, 30 ◦C Granja, Pouysegu, Deffieux et al., 2001;  
Granja, Pouysegu, Petraud et al., 2001 

Cellulose None Ionic liquid (IL) 1,3-dimethylimidazolium methyl- 
H-phosphonate [MMIM]+ [MMP]−

1.5 h, 110 ◦C, 
70 mbar 

Sporl et al., 2016 

Microcrystalline 
cellulose 

Swelling in DI, EtOH, C6H5OH 
for 24 h each 

Phosphoric acid, P2O5, Et3PO4, hexanol 72–120 h, 
30–70 ◦C 

Wanrosli et al., 2011 

Cellulose Mercerization and impregnation 
at 60 ◦C for 6 min 

Orthophosphoric acid (82 %), ammonium 
phosphate (20 %), urea 

1 h, 140–160 ◦C Luneva & Ezovitova, 2014 

Cellulose None NH4H2PO4, urea 10 h, 165 ◦C Noguchi et al., 2017 
Cellulose None Urea, (NH4)2HPO4 (aq) 1.5 h, 70–150 

◦C 
Ghanadpour et al., 2015 

Microcrystalline 
cellulose (MCC) 

None Phosphorus acid, urea (Ar), 12 W 2–6 h, 85–105 
◦C 

Gospodinova et al., 2002b 

Cellulose nano fibre None ATP and Hexokinase enzyme and MgCl2 24 h, 30 ◦C Bozic et al., 2014c  

a Thermal method. 
b Microwave method. 
c Enzymatic method. 
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and with water before further use. 

2.3. Wash durability of phosphorylated viscose fabric 

The phosphorylated viscose fabrics were washed using aqueous so-
lution of nonionic detergent (0.74 g/L) in deionized water (M:L ratio of 
1:30) at 40 ◦C for 10 min in a laudromat (Mathis, Germany). The fabric 
was dried at 80 ◦C for 10 min. 

2.4. Characterization 

Physical appearance: The whiteness indices of the fabrics were 
measured using color spectrophotometer model No-SS 5100H, Premier 
Colorscan Instruments Pvt. Ltd, to evaluate the change in fabric 
appearance after phosphorylation process. 

Field Emission Scanning Electron Microscopy (FE-SEM): The surface 
morphologies of phosphorylated viscose and control fabrics were 
observed under a FE-SEM (Quanta 200F, Netherlands) without any 
coating at low voltages. 

ATR-FTIR: The functional group substitution was analyzed on single 
crystal diamond ATR of FTIR Nicolet IS50 from Thermo-Fischer Scien-
tific Pvt. Ltd. 

Nuclear Magnetic Resonance (NMR) Spectroscopy: All rinsed and 
dried samples were cut into fine pieces and packed uniformly in a zir-
conium oxide rotor. The CP/MAS 13C and single-pulse decoupled 31P 
400 MHz solid state NMR spectra were recorded in a JEOL NMR model 
JNM-ECA-400 instrument operating at 9.4 T. All measurements were 
made at 295 (±1) K with a MAS rate of 10 kHz. A 3.2 mm double air- 
bearing probe was used. 

XPS: XPS was performed on Scienta Omicron ESCA (Electron Spec-
troscope for Chemical Analysis), Germany. Al anode was used with an 
energy of 1486.7 eV. The angle between analyser and source was 
approximately 85◦. Monochromatic X-ray source was used, and its res-
olution is confirmed by FWHM of about 0.60 eV. 

UV–vis spectroscopy: Phosphomolybdate assay was used for 

quantification of phosphate group in the viscose fabric using a method 
reported in the literature (Noguchi, Homma, & Matsubara, 2017). 7.5 
mM of ammonium heptamolybdate solution was prepared in 1 N sul-
phuric acid solution. The calibration curve was plotted by reacting 
molybdate solution with standard disodium hydrogen phosphate solu-
tion of various concentrations (2, 4, 6, 8, 10, 12, 14, 16, 18 and 20 mM.) 
prepared in 1 N sulphuric acid solution, followed by the addition of 
ferrous sulphate as a reducing agent. The absorbance of the 
phospho-molybdate complex formed was measured at λmax of 823 nm 
using UV–vis spectroscopy (Perkin Elmer model Lambda 35, Waltham, 
USA. For determining the amount of phosphate in phosphorylated 
viscose fabrics, the samples were first digested in 10 M sulphuric acid 
followed by subjecting them to similar reaction methodology as 
mentioned above. 

XRD: The fabrics were analysed using PAN Analytical X pert X-ray 
diffractometer (Almelo, The Netherlands) using Cu Kα radiation (1.5406 
Å) at a scan rate of 4◦/min. 

Thermogravimetric Analysis (TGA): TGA was performed using TA 
instruments, (TGA-Q500) equipment in the temperature range from 80 
◦C to 600 ◦C at a heating rate of 20 ◦C min− 1 under nitrogen atmosphere. 

Tensile testing: The mechanical property of the fabric samples was 
evaluated on a H5KS Tinius Olsen, HT400 pneumatic grip controller 
with a working distance of 50 mm and load cell of 1000 N. The di-
mensions of the fabric samples used were 10 × 5 cm. All fabrics were 
tested in the warp direction. The thickness of the fabrics was measured 
using digital thickness gauge. 

Softness: The fabric bending lengths in both weft and warp directions 
were evaluated using Shirley stiffness tester as per the standard protocol 
of ASTM D1388. Contact angle 

Drop absorbency and dye-ability: Contact angle was evaluated using 
ASTM D 5946-04. Dye-ability of the control viscose fabric was compared 
with the phosphorylated viscose fabrics using a solo-phenyl direct dye. 
The dye was applied as 0.5 % of shade with 5 g/L of sodium chloride and 
material: liquor ratio of 1: 30. The samples with highest substitution, VP 
(2.0)-T and VP(2.0)-P, along with control were used for this test. The dye 

Scheme 1. a) Schematic representation of phosphorylation of viscose fabric by thermal and plasma method b) possible mechanism of phosphorylation of cellulose.  
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bath was prepared and all the 3 samples were dyed together in one bath 
at 95 ◦C for 30 minutes 

3. Results and discussion 

3.1. Phosphorylation of cellulose by thermal and plasma methods 

The phosphorylation of viscose fabric was carried out using atmo-
spheric pressure plasma for the first time (Scheme 1a). In this, the fabric 
was padded with di-ammonium hydrogen phosphate (DAHP) and urea 
solutions of various concentration, dried and plasma treated under he-
lium gas. (Scheme 1a). Fig. 1A shows the optical photographs of phos-
phorylated fabrics using the two methods. For comparison, 
phosphorylation of the viscose fabric was also carried out by thermal 
method as per the previously reported process with some modifications 
(Ghanadpour et al., 2015). It may be observed that, in the case of 
thermal method, the color of viscose fabric tends to become yellower 
with the increase of reagent concentration. This is due to the prolonged 
treatment of cellulosic substrate under acidic conditions, which dam-
ages the fabric appearance (Gebke et al., 2020). Moreover, this method 
produces pungent smell of ammonia gas during the phosphorylation 
process. However, in the case of plasma method, the phosphate reagent 
and cellulosic molecules in viscose ionize to produce unstable active 
species, which combine to form stabilized products with the substrate. 
There is little or no yellowing of the treated fabrics. The reflectance 
spectra of the various samples were also taken in the range of 400− 700 
nm. These are given in Fig. S1 in supporting information. 

As may be observed from the figure, the reflectance of plasma 
phosphorylated fabric is similar to that of control sample. However, 
there is significant drop in reflectance of thermally phosphorylated 
viscose fabrics with respect to control. Additionally, the whiteness 
indices of the fabrics, measured using color spectrophotometer, are 
plotted in Fig. 1B as function of reagent concentration. As may be 
observed from the Fig. 1B, the whiteness index decreased continuously 
with increase in the reagent concentration. The whiteness index 
decreased from ~65 for the untreated sample to ~33 for the thermally 
phosphorylated sample VP(2.0). Whereas, in plasma treatment method, 
the whiteness indices remained nearly the same as the control fabric. 
The value of dE was also calculated and is tabulated in table S1 in 
supporting information. The high values of dE in the thermally treated 
sample indicated substantial change in appearance. While the plasma 
treated samples the dE values remained close to 1 indicating no change 
in appearance. 

The main advantage of the plasma method over thermal method was 
the significantly reduced time of reaction. Thermal method required 

over 45 min of treatment time and many more steps compared to just 2 
min of plasma treatment. The possible mechanism of the formation of 
cellulose monophosphate as major product is shown in Scheme 1b (Rol 
et al., 2020). The urea being basic in nature abstract the acidic proton of 
the DAHP (Ghanadpour et al., 2015). The phosphate (nucleophile) at-
tacks on the carbon (electrophile) bearing the hydroxyl group. The OH 
group of cellulose combines with acidic H+and eliminated as a water 
molecule leading to the formation of cellulose phosphate. 

3.2. Surface morphology 

The surface morphology of the treated fabric was evaluated by 
FESEM. The SEM images of the samples are given in Figs. 2 and 3. In 
comparison with the control viscose fabric, both the thermally and 
plasma phosphorylated fabrics did not show any detectable morpho-
logical change on the surface of the fibers even with increase in reagent 
concentrations. The surface of the fibres in the control sample showed 
serrations with numerous pores, which are typical features of viscose 
fibres. These serrations and pores remained uncovered in the treated 
fabrics also. This indicates that similar to the reactions in the thermal 
method, the phosphorylation using the plasma process also took place at 
a molecular level on the surface of the substrate and there was no deposit 
of compounds or particles formed. 

3.3. Chemical characterization 

The ATR (Attenuated total reflection) spectra of the control fabric 
shows the characteristics bands of cellulose as reported in the literature. 
However, an additional band at 1635 cm− 1 corresponding to P(––O)– 
O– stretching frequency was observed to appear on phosphorylation of 
sample modified using both thermal and plasma methods, which 
confirmed the occurrence of chemical reaction (Fig. 4). 

The solid-state NMR was carried out for determination of phosphate 
nuclei. The 31P solid-state NMR spectra of the phosphorylated viscose 
fabrics prepared by thermal and plasma methods are shown in Fig. 5a 
and b, respectively. The peaks observed in the spectra were assigned 
based on the reported literature of phosphorylation of cellulose (Gha-
nadpour, Wicklein, Carosio, & Wagberg, 2018; Granja, Pouysegu, Def-
fieux et al., 2001; Granja, Pouysegu, Petraud et al., 2001; Rol et al., 
2020). The phosphate di and tri-ester from − 10 to 10 ppm was assigned 
to the phosphate groups formed at C2, C3 and C6 positions of cellulose. 
The phosphorylation of hydroxyl group (− 10 to 10 ppm) leads to the 
formation of phosphate ester which causes the broadness of the peak 
compared to the sharp peak seen in sodium hydrogen phosphate (Rol 
et al., 2020). As shown in Fig. 5a, 31P solid state NMR spectrum of 

Fig. 1. A. Photographs of thermal phosphorylation of viscose fabrics treated with DAHP at cellulose to DAHP ratio of a) 1:0 b) 1:0.5, c) 1:1, and d) 1:2.0. Plasma 
phosphorylated viscose fabrics treated with DAHP at cellulose to DAHP ratio of e) 1:0, f) 1:0.5, g) 1:1, and h) 1:2.0. B. Plot of whiteness index as a function of reagent 
concentration used for phosphorylation of viscose fabric using the two methods. 
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phosphorylated viscose prepared by thermal method showed a broad 
peak at 1.1 ppm, which confirmed the formation of cellulose mono-
phosphates, whereas the peak at − 9.8 ppm indicates the formation of 

dimerized phosphate (Ghanadpour, Wicklein et al., 2018) i.e. pyro-
phosphate. On the other hand, 31P solid-state NMR spectrum of phos-
phorylated viscose by plasma methodconfirmed formation of only 

Fig. 2. SEM images of thermally treated viscose at different molar ratios of cellulose: DAHP a,e) Control, b,f) 1:0.5, c,g) 1:1 and d,h) 1:2.0.  

Fig. 3. SEM images of plasma treated viscose at different molar ratios of cellulose:DAHP a.e) Control, b,f) 1:0.5, c,g) 1:1 and d,h) 1:2.0.  

Fig. 4. ATR-FTIR spectra of control and treated samples.  
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cellulose monophosphates observed at 1.1 ppm without the formation of 
any side products of pyrophosphates (Fig. 5b). The small shifts in peak 
positions from 1.1 to 0.8 ppm in some samples may be because of 
electrostatic interaction between the phosphate groups, as reported in 
the literature (Ghanadpour, Wicklein et al., 2018). Further, we per-
formed the wash durability test to examine whether the chemical 
modifications achieved by thermal and plasma methods were integrated 
with the textile substrate. For this, the phosphorylated viscose fabrics 
were washed in non-ionic detergent at 40 ◦C in a laundrometer and 
again subjected to 31P-NMR test. The NMR spectra of the washed sam-
ples are given in Fig. S2a and b in supporting information. All phos-
phorylated sample showed the broad peaks at 0.5 ppm confirming the 
reaction of phosphate moieties with the cellulose backbone present on 
the surface of the fabric. Similar to the unwashed samples, phosphory-
lated sample by thermal method also showed a residual peak at -10.1 
ppm confirming the attachment of pyrophosphates. However, the in-
tensity of peaks was observed to decrease somewhat after washing 
indicating removal of physically attached reaction products. The 
experiment confirmed that the phosphorylation of viscose by plasma 

method is durable. Next, the stability of the chemical structure of viscose 
fabric after the treatments by thermal and plasma methods was inves-
tigated using CP/MAS solid-state NMR. The solid-state CP/MAS 13C 
NMR spectra of phosphorylated viscose by thermal and plasma methods 
are shown in comparison to control viscose in Fig. 6a and b, respectively. 

The peaks for the control viscose was assigned based on the reported 
literature (Ghanadpour, Wicklein et al., 2018; Idstrom et al., 2016; Rol 
et al., 2020). The doublet at 107, 104.8 ppm was assigned to C1. The 
peaks at 88 and 84 ppm were assigned to C4 in the crystalline and 
amorphous regions, respectively; the peaks at 64 to 62 ppm were 
assigned to crystalline and amorphous C6, respectively. The peaks in the 
region 73− 75 ppm were assigned to C2, C3 and C5 resonances. All 
samples showed similar resonances which are indicative of the preser-
vation of the bulk structure after both the thermal and plasma treatment. 
The changes due to phosphorylation on the various carbons are not seen 
in these spectra as the extent of such changes are likely to be limited to 
the surface cellulosic molecules of the samples. 

Further, X-ray photoelectron spectroscopy of the selected washed 
samples (Cellulose to DAHP molar ratio of 1:1) was performed, which is 

Fig. 5. Solid-state single pulse decoupled 31P NMR spectra of phosphorylated viscose as prepared by a) thermal and b) plasma methods at different concentrations.  

Fig. 6. Solid state single-pulse decoupled 13C NMR spectra of phosphorylated viscose a) Thermal method, and b) Plasma method.  
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a surface sensitive technique to determine the surface chemistry of the 
treated samples. The scan XPS spectra of control viscose fabric in com-
parison to that of the washed phosphorylated viscose by thermal and 
plasma methods are given in Fig. 7. As expected, the control fabric 
showed the characteristics peaks of only C1s and O1s at 284 and 531 eV, 
respectively. The scan spectrum of the phosphorylated sample prepared 
using plasma method showed an additional minor P2p peak at 132.7 eV 
besides the two distinctive peaks of C1s, O1s. This result further 
confirmed the successful incorporation of phosphorus moiety into the 
cellulose (viscose) fabric using the plasma method. Though, the scan 
spectrum of the thermally phosphorylated viscose did not show P2p 
peak, the high-resolution spectra could show a weak peak of P2p similar 
to that of plasma treated samples. The weak peak of P in thermally 
treated sample may be attributed to the presence of significant part of 
the phosphate moieties inside the fibers compared to that on the free 
surface. 

Further, the high-resolution spectra were analyzed for surface groups 
of both the phosphorylated samples and the control. The high-resolution 
spectra of C1s were de-convoluted for all the three samples. The peak 
could be de-convoluted into three peaks at 283.6, 285.2 and 286.2 eV 
corresponding to C–C*, C*–O and O–C*–O bonds, respectively 

(Granja, Pouysegu, Deffieux et al., 2001; Granja, Pouysegu, Petraud 
et al., 2001) (Fig. 7b). The areas under the curve of these bonds are given 
in Table 2. The relative peak intensities of C–C* bond, C*–O and the 
O–C*–O bonds in the control fabric were compared with those in 
phosphorylated viscose fabrics prepared by thermal and plasma 
methods. The O–C–O bonds form the integral part of the cellulose 
back-bone therefore, the intensity of O–C–O bonds was taken for 

Fig. 7. XPS spectra of untreated control viscose and phosphorylated viscose by thermal method and by plasma method (Cellulose: DAHP = 1:1) a) overall spectra, b) 
high resolution C1s spectra c) High resolution P2p spectra. 

Table 2 
Relative peak intensities of C1 s (C–C*, C*–O and O–C*–O) bonds of various 
samples prepared at Cellulose: DAHP 1:1 after washing.  

Bonds Control 
viscose C1s 

Thermally 
phosphorylated viscose 
C1s 

Plasma phosphorylated 
viscose C1s 

C–C*– 0.2122 0.3561 0.3779 
C*–O– 0.44686 0.4336 0.3332 
O–C*–O 0.3409 0.2103 0.2889 
C–C/ 

O–C–O 
0.62 1.69 1.31 

C–O/ 
O–C–O 

1.31 2.06 1.15  
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normalization of intensities of the other two bond types. 
It may be seen from the Table 2 that there is a substantial increase in 

C–C bonds content in the phosphorylated samples. This indicates that 
hydroxyl groups are getting affected by both the thermal and plasma 
methods. However, the destruction of C–O bonds is to a lesser extent in 
the plasma method. At the same time, C–O/O–C–O bond ratios are 
reasonably high in all samples indicating formation of phosphate ester 
bonds at some of the hydroxyl group’s sites. Higher ratio in samples 
prepared by the thermal method indicates better degree of phosphory-
lation in thermal compared to plasma method. 

The high-resolution O1s spectrum of control viscose was compared 
with that of the phosphorylated viscose by thermal and plasma methods 
(not shown). In case of control viscose, the binding energy at 531.6 eV 
corresponded to the free hydroxyl group of cellulose. However, the 
phosphorylated viscose also showed the peak at 531.3 eV, which may 
correspond to the presence of both C–OH and P–OH bonds. Since the 
peaks for both C–OH and P–OH overlap considerably, it is difficult to 
interpret the relative contribution of the two species. 

Next the high-resolution spectra of P2p of phosphorylated viscose by 
thermal and plasma (Fig. 7c) methods were evaluated. The occurrence 
of phosphate peak at ~133 eV was indicative of the formation of 
phosphate groups on the surface of the substrates. This peak could be de- 
convoluted into two peaks with binding energy of 133 eV for P–O–C 
bond and of 132 eV for P–O bond in both the cases (Granja, Pouysegu, 
Deffieux et al., 2001; Granja, Pouysegu, Petraud et al., 2001; Luo et al., 
2017)⋅ The spectra indicate that the chemical nature of the phosphate 
moieties formed in the two cases is the same. 

The amount of phosphate group created by plasma and thermal 
method of cellulose: DAHP (1:2.0) was determined by phosphomo-
lybdate assay using UV–vis spectroscopy following the method reported 
in the literature (Noguchi et al., 2017) The calibration curve was plotted 
by measuring the absorbance of phosphomolybdate complex at 823 nm 
using the reaction of standard salt of sodium diammonium phosphate 
and sodium heptamolybdate followed by the addition of ferrous sul-
phate. On the same lines, the quantitative estimation of phosphate 
content was obtained in the treated samples after the digestion of the 
phosphorylated fabrics in 10 M of sulphuric acid solution. Three 
different batches were analyzed in triplicate to quantify the phosphate 
ion concentrations in VP(2.0)-P and VP(2.0)-T. The degree of sub-
stitutions (and weight percent) were found to be 0.05 (2.88 ± 0.06 %) 
and 0.07 (4.09 ± 0.19 %) in plasma and thermal method, respectively. 
The relevant supporting data for the reproducibility have been added as 
Fig. S3 in the supporting information These values suggest that plasma 
method, similar to the thermal method, could phosphorylate the cellu-
losic molecules present on the fibre surfaces to a substantial extent. 
Further, the results suggested that the generated groups were essentially 
substituted phosphates on cellulose molecules present on the fiber sur-
faces and the plasma method did not generate undesirable pyrophos-
phate groups. The samples were rinsed thoroughly after the treatment 
and the results reported are for the rinsed samples. We have also carried 
out solvent washing of treated fabrics by stirring them for 1 h in 
methanol. The amount of phosphate ions were found to remain nearly 
same as before the wash cycle at 4.04 and 2.5%, respectively, for the VP 
(2.0)-T and VP(2.0)-P samples using the phospho-molybdate method. 
The Fig. S4 show the UV vis plots of the methanol washed samples. In 
order to evaluate the ageing effect on the plasma modified sample, the 
quantification of phosphorylation was carried out of a six-month-old 
sample of VP(2.0)-P. The phosphate content was found to be 2.4%, 
which was only a little lower than the freshly prepared sample having 
phosphate content of 2.8%. This experiment confirms the stability of 
phosphorylation with storage time. 

Further, 31P solid-state NMR analysis of the above sample was car-
ried out to ascertain the chemical linkage of phosphate with cellulose. 
Fig. S5 in the supporting information shows the 31P solid-state NMR 
spectrum. The peak at 0.9 ppm confirmed the stability of the phos-
phorylation treatment of the cellulose. 

3.4. Physical characterisation 

The X-ray diffraction spectrum of control viscose was also compared 
with that of the phosphorylated viscose samples obtained using thermal 
and plasma methods. The control viscose shows peaks at 20.4◦ and 21.4◦

which are the characteristic peaks of viscose. Both the thermal and 
plasma phosphorylated viscose samples did not show any change in the 
spectra. This is because the extent of phosphorylation is small and un-
likely to affect the crystallinity of the samples. The XRD spectra of 
control and phosphorylated samples shown in Fig. S6 of Supplementary 
information. 

TGA thermograms of the control and treated samples are shown in 
Fig. S7 of Supplementary information. The control viscose majorly 
degraded in the temperature range of 250–400 ◦C and showed the 
maximum weight loss of 85% at 600 ◦C compared to other samples. On 
the other hand, the phosphorylated samples showed significantly lower 
weight loss of 65% at 600 ◦C. However, the degradation of the phos-
phorylated samples started much earlier than the control sample. Sam-
ples prepared using thermal method started to degrade at around 175 
◦C, while those prepared using the plasma method started to degrade at 
around 145 ◦C. The lower temperature of degradation may be attributed 
to reaction of phosphate moieties with the cellulose to promote char 
formation in the treated samples. Though the increase in reagent con-
centration led to more char formation in the case of thermally phos-
phorylated fabrics, the plasma method demonstrated no significant 
change in the formation of residue with changing reagent concentra-
tions. This may be attributed to possibly uniform phosphorylation of 
surfaces inside the bundle of the fibers due to the gaseous nature of the 
reactants in the plasma method. In thermal method, the extent and 
uniformity of phosphorylation appears to be a strong function of the 
reagent concentrations. 

The breaking strength of the treated fabrics were compared with the 
control viscose fabric (Table 3). In both the methods, the breaking 
strength was affected with the increase in the reagent concentration (i.e. 
cellulose to DAHP molar ratio). However, the retention of breaking 
strength was significantly better in the plasma treated samples. For 
example, it was nearly same for the cellulose to DAHP ratio of up to 1:1. 
This indicated that the plasma method is much safer for carrying out 
phosphorylation. 

Additionally, the stiffness of the fabric was evaluated using bending 
length parameter for the control and treated fabrics in both weft and 
warp directions. The results are compiled in table S2. As may be 
observed from the table, there was no significant change in bending 
length of all the treated samples (both plasma and thermal) in com-
parison to the control fabric. This indicates that the feel of the fabric was 
unaffected by the phosphorylation processes. 

The viscose fabric is a good adsorbent and absorbed a droplet of 
water instantaneously. The drop absorbency did not change even after 
the phosphorylation treatment in both plasma and thermally treated 
samples. Because of this, the water contact angle could not be measured. 
Dyeability of control and phosphorylated viscose fabrics with direct dye 
was evaluated by comparing K/S values. The K/S values represent the 
strength of the dye on the fabric. The K/S value for dyed control viscose 

Table 3 
Mechanical properties of the control and treated samples.  

Sample Thermal Method Plasma Method  

Breaking strength 
(MPa) 

% 
Retention 

Breaking strength 
(MPa) 

% 
Retention 

Control 25.77 ± 1.22  25.77 ± 1.22  
VP 

(0.5) 
23.01 ± 2.21 89.28 25.82 ± 1.49 100 

VP 
(1.0) 

22.58 ± 1.27 87.62 25.84 ± 2.7 100 

VP 
(2.0) 

20.68 ± 3.85 80.24 23.51 ± 2.66 91.23  
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was 4.56. It decreased substantially to 1.83 for phosphorylated viscose 
fabric treated using the thermal method. However, interestingly, the K/S 
value remained nearly same as that of control at 4.54 for the samples 
treated using plasma method. This suggests that the dyeability of the 
fabrics are not affected by plasma phosphorylation. The decrease in 
dyeability of the thermally treated sample may be attributed to the bulk 
modification of the cellulosic fabric. 

Plasma phosphorylation is a desirable method. It is an environmen-
tally sustainable because it is a carried out in dry state, which saves a 
large amounts of water and chemicals. Therefore, the effluent genera-
tion is considerably limited to gaseous form. The plasma technique of-
fers multiple other advantages in terms of reaction parameters. For 
example, significantly lower reaction time as compared to conventional 
thermal methods, no deterioration of inherent properties of the sub-
strate, formation of negligible side products, and uniform treatment of 
substrate. Plasma process is also energy efficient. For example, the re-
ported process of phosphorylation by plasma required only 15.6 J/g, 
whereas the thermal method was found to consume nearly 9000 J/g. 

4. Conclusions 

In this study, we report for the first time a method of phosphorylation 
of cellulose substrate (viscose fabric) using atmospheric pressure 
plasma. This method was compared with the conventional thermal 
method. Unlike the thermal method, the plasma method was fast, 
retained the physical appearance of the substrate without affecting the 
inherent tensile properties of the viscose fabric. The whiteness index 
values of plasma treated fabric remained the same as control whereas 
the thermally treated fabrics showed a drop from 65 to 33. Similarly, the 
breaking strength of the plasma treated fabric was not affected for VP 
(0.5)-P and VP(1.0)-P. Only a slight drop was noticed for VP(2.0)-P. 
Interestingly, the dyeability of the plasma treated fabrics also 
remained same as that of control viscose, whereas there was significant 
effect on the thermally treated fabric. 

The fixation of phosphate nuclei was confirmed by solid-state 31P 
NMR and XPS analysis. Further, the plasma method yielded only the 
desired product, whereas the thermal method led to the formation of 
pyrophosphate as the side product. The treatment was found to be du-
rable to washing confirming the reaction of phosphate moieties with the 
cellulosic units present on the surface of the fibers. The amount of 
phosphate on the treated samples was quantified by phosphomolybdate 
assay using UV–vis spectroscopy and was found to be 2.88 ± 0.06 and 
4.09 ± 0.19 % for VP(2.0) samples treated using plasma and thermal 
methods, respectively. The above results demonstrate a facile green 
approach using atmospheric pressure plasma for the phosphorylation of 
cellulosic substrates, which is an industrially important functionaliza-
tion chemistry. 
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