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Abstract In this work, we have applied, for the first

time, solution plasma processing of cellulose-contain-

ing material to produce cellulose nanocrystals (CNC).

The CNC samples produced in three different modes

of solution plasma treatment were characterized using

methods of dynamic light scattering, infrared spec-

troscopy, transmission electron microscopy, X-ray

diffraction, and X-ray photoelectron spectroscopy.

The proposed method of CNC production comprising

the oxidation–hydrolysis strategy has proved to be

effective and allowed us to reduce significantly the

time of acid hydrolysis and to increase considerably

the total CNC yield.
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Holešovičkách 2, 18000 Prague, Czech Republic

123

Cellulose (2018) 25:5035–5048

https://doi.org/10.1007/s10570-018-1910-4(0123456789().,-volV)(0123456789().,-volV)

https://doi.org/10.1007/s10570-018-1910-4
http://crossmark.crossref.org/dialog/?doi=10.1007/s10570-018-1910-4&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10570-018-1910-4&amp;domain=pdf
https://doi.org/10.1007/s10570-018-1910-4


XRD X-ray diffraction

XPS X-ray photoelectron spectroscopy

Introduction

Cellulose nanocrystals (CNC) generally refer to a type

of rod-like cellulose nanomaterial with a typical length

of 50–500 nm, a diameter of 3–10 nm, a degree of

polymerization between 100 and 300, a moderate

density, a high degree of crystallinity and a very high

tensile strength and modulus (Zhu et al. 2016;

Kargarzadeh et al. 2017; Julkapli and Bagheri 2017).

The production of CNC from cellulosic fibers through

acid hydrolysis, known for more 6 decades, remains

the dominant process nowadays (Mondal 2017). High

sulfuric acid concentrations (approximately

62–64 wt%) are commonly used. This is due in part

to the formation of sulfate groups that impart electro-

static stability to CNC to facilitate aqueous processing.

Typically, higher acid concentrations, longer reaction

times, and higher temperatures lead to higher surface

charge and narrow particle sizes, but to lower yield

and decreased crystallinity and thermal stability of

CNC. Different mineral and organic acids can also be

used for CNC production, e.g. hydrochloric (Araki

et al. 1998; Yu et al. 2013), hydrobromic, phosphoric

(Camarero Espinosa et al. 2013; Um et al. 2003),

maleic (Filson and Dawson-Andoh 2009), nitric (Liu

et al. 2010), formic (Yan et al. 2015), and carboxylic

acids (Chen et al. 2016a; Espino-Pérez et al. 2014;

Spinella et al. 2016), as well as mixtures of acids

(Braun and Dorgan 2008).

Difficulties in economic recovery of acids and low

CNC yields (approximately 30 wt%) have been the

main drawbacks of using mineral or organic acids for

CNC production. Recently, a number of studies have

focused on hydrolysis parameter optimization (Bon-

deson et al. 2006; Hamad and Hu 2010; Wang et al.

2012; Chen et al. 2015; Ioelovich 2012, 2013; Beck-

Candanedo et al. 2005; Dong et al. 1998), corrosion

prevention, and waste reduction (Mao et al. 2017). Liu

et al. (2014) reported preparation of CNC using the

hydrolysis of bleached pulp with solid phospho-

tungstic acid (H3PW12O40). They found that the

resultant CNC had a significantly higher thermal

stability than the CNC prepared by hydrolysis with

sulfuric acid. In addition, the solid acid could be easily

recovered and recycled through extraction with

diethyl ether. Torlopov et al. (2017a, b) studied the

influence of H3PW12O40 concentration, sonication

pre-treatment, hydrogen peroxide and octanol-1 addi-

tion on the CNC yield, thermal stability, morphology

and size of CNC particles.

Kontturi et al. (2016) demonstrated that the use of

HCl vapor results in the rapid hydrolysis of cotton-

based cellulose fibers under ambient conditions. The

authors observed an increase in crystallinity without

practically any mass loss in the cellulose substrate

during the hydrolysis. They showed how this hydrol-

ysis process can be applied for the facile high-yield

production of CNC with minimal water consumption.

Generally, various types of gaseous acids can be used

in this procedure, such as nitric acid, and trifluo-

roacetic acid. This technique can allow several

environmentally harmful and time-consuming steps

that are required for classical acid hydrolysis to be

omitted.

Metal inorganic salts have been demonstrated by

many researchers for enhancing the hydrolysis effi-

ciency of cellulose (Liu et al. 2009; López-Linares

et al. 2013; Zhang et al. 2015) and preparation of

micro- or nanocrystalline cellulose (Li et al. 2015; Lu

et al. 2014). A transition metal-based catalyst provides

a feasible, selective, and controllable hydrolysis

process with mild acidity. It was found that the

valence state of the metal ion is the key factor to

influence the hydrolysis efficiency. A higher valence

state generates more H? ions, which act effectively in

the co-catalyzed acid hydrolysis reaction in the

presence of metal ions (Yahya et al. 2015; Chen

et al. 2016b). The presence of an acidic medium or

ultrasonic-assisted treatment can act synergistically to

improve the accessibility of metal ions for the

hydrolysis process (Karim et al. 2014). Recently,

Cheng et al. (2017) used inorganic chlorides, FeCl3-

6H2O, CuCl2�2H2O, AlCl3, and MnCl2�4H2O, in

hydrochloric acid hydrolysis to extract CNC from

microcrystalline cellulose under hydrothermal condi-

tions. They observed the enhanced salt-catalyzed

hydrolysis at a relatively low acid concentration

through faster degradation of the disordered region

of cellulose.

Novo et al. (2015, 2016) showed that subcritical

water could promote the hydrolysis of amorphous and

semi-crystalline regions of cellulose. It was revealed

that the exclusive use of water as a reagent is a
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promising process not only for its green characteristics

but also for its low corrosion, low and cleaner effluent,

and low cost of reagents.

Other CNC preparation techniques include treat-

ment with ionic liquids (Man et al. 2011; Miao et al.

2016; Zhang et al. 2017), enzymatic hydrolysis

(Siqueira et al. 2010; Filson et al. 2009), and

production by oxidation (Leung et al. 2011; Hirota

et al. 2010a, b; Montanari et al. 2005). These

techniques are usually applied in combination with

other chemical and mechanical or ultrasound treat-

ments. The TEMPO-meditated oxidation method has

widely been applied to cellulose fibers to produce

CNC. It has been reported that isolated CNC reveal

superior dispersity in water after TEMPO oxidation,

because of the incorporation of a higher number of

carboxylate groups in the cellulose (Hirota et al.

2010a, b; Montanari et al. 2005; Peyre et al. 2015).

Recently, solvothermal pretreatment of cellulose with

ethanol and peroxide followed by ultrasonic treatment

has been used to produce CNC (Li et al. 2016).

On the other hand, in the past decades emerging

discharge plasma-based technologies continuously

find increasing applications in polymer chemistry,

e.g. for a specific surface functionalization of mate-

rials without affecting their bulk properties (Khelifa

et al. 2016). Moreover, plasma in liquid-phase or

solution plasma processing has been recognized as an

advanced oxidation process due to its ability to

produce highly active species especially hydroxyl

radical (Zakharov et al. 2007). Recently, Prasertsunga

et al. (2017) studied conversion of microcrystalline

cellulose into reducing sugar in diluted sulfuric acid by

solution plasma processing.

For the best of our knowledge, in this work for the

first time we report the results on plasma-chemical

treatment of cellulosic materials (microcrystalline

cellulose and filter paper) in solution bulk for CNC

production.

Materials and methods

Materials

Commercial microcrystalline cellulose (MCC) (pow-

der, *20 lm) and Whatman qualitative filter paper

(Grade 1) (FP) were purchased from Sigma-Aldrich.

Sulfuric acid (chemically pure, GOST 4204-77) was

purchased from Chimmed (Russia).

Solution plasma treatment of cellulose

Atmospheric pressure glow discharge with an elec-

trolytic cathode is the simplest type of the plasma-

solution system and it was used for the treatment of

cellulose suspension in our study. The setup is shown

in Fig. 1. Similar setup was used for modification of

chitosan in aqueous solution and for the coupling of

chitosan onto polypropylene surface (Nikitin et al.

2016).

The occurrence of the glow discharge between the

anode in the gas phase and electrolyte solution initiates

redox reactions in it. These reactions are mainly

triggered by the formation of primary chemically

active particles (radicals OH, H, solvated electrons) in

the surface layer of the solution under ion bombard-

ment. Despite the small thickness of the surface

solution layer (hundredths of a micron), they have

enough time to start interacting in this thin layer. In the

remaining solution volume, the processes can involve

a secondary active product—hydrogen peroxide

(Zakharov et al. 2007; Titova et al. 2012; Kuz’mi-

cheva et al. 2011, 2012). Here, a direct current (DC)

discharge was excited between the graphite anode in

the gas phase and the liquid surface being used as a

cathode. The discharge gap length was equal to 3 mm,

the volume of the solution being treated was 50 mL,

and the discharge current (i) was maintained at 40 mA

Graphite electrode 

Anode
Plasma

DC power 
supply mA

Magnetic Stirrer

Fig. 1 Schematic diagram of the setup for plasma solution

treatment of cellulose
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for treatment in distilled water and 20 mA under

treatment in sulfuric acid solutions. The processing

time was varied in the range of 5–80 min depending

on solution composition. The glow discharge voltage

was from 305 to 1680 V and the solution temperature

was from 22 to 68 �C depending on the processing

conditions.

Cellulose treatment was carried out in three differ-

ent modes: (1) plasma-chemical treatment of MCC

and FP of various durations (5–30 min) in sulfuric acid

solutions of different concentrations (0.1–64%); (2)

preliminary plasma-chemical treatment of MCC and

FP of various durations (15 and 30 min) in distilled

water followed by sulfuric acid hydrolysis at 50 �C for

2 h (H2SO4 concentration of 30–64%); (3) plasma-

chemical treatment of CNC aqueous suspension

previously produced from MCC by sulfuric acid

hydrolysis according to the standard procedure (hy-

drolysis in 64% H2SO4 at 50 � C for 2 h). We will use

the format of (N-XX-YY) to represent experimental

conditions of (solution plasma treatment mode, H2SO4

concentration in wt%, treatment duration in min)

throughout the text.

Characterization of plasma-treated cellulose

The CNC yield in processing modes 1 and 2 was

determined gravimetrically. The collected suspension

was washed with bidistilled water by repeating

centrifugation cycles (10 min, 8000 rpm) until it

reached a constant pH value (at least 5–6 washings)

and separated on an MN GF-1 filter (Macherey-Nagel,

Germany) with particle retention capacity of 0.7 lm.

The filtered CNC suspension was collected and its

volume was determined. Several parallel samples of

accurately measured volume were taken, poured into

Petri dishes, which had been weighed in advance, and

dried in air till their weight remained constant. Having

determined in such a way the suspension concentra-

tion and knowing its volume (accounting for the initial

cellulose mass), we calculated the CNC yield. The

relative error in CNC yield measurement in three

parallel experiments did not exceed 2.5%. The part of

the suspension that remained in the filter was dried

together with the filter. By measuring the weight

increase, we determined the mass of the large particles

that had not been hydrolyzed. The portion of the

soluble hydrolysis products was calculated as the

difference between the initial cellulose mass and the

total mass of the large particles on the filter and

particles in suspension after filtering (CNC).

The films of CNC samples for X-ray diffraction

analysis, IR-spectra registration, etc. were obtained by

natural evaporation of water at room temperature from

aqueous suspensions with the concentration of 10 g/l.

Before casting the films, the suspensions were treated

with ultrasound (Sonorex DT 100, Bandelin, Ger-

many) for 15 min.

The size of CNC particles was determined using a

transmission electron microscope (TEM) ‘‘EMV-

100L’’ (Russia) and by the dynamic light scattering

method (DLS) using a particle size analyser Zetasizer

Nano ZS (Malvern Instruments Ltd, UK) and Anal-

ysette 22 (Fritsch GmbH, Germany).

The CNC particle surface charge in aqueous

suspension was evaluated by measuring the f-potential

(Zetasizer Nano ZS).

The CNC polymerization degree was determined

based on the viscosity of its solution in cadoxen.

The chemical composition of the films was evalu-

ated by X-ray photoelectron spectroscopy (XPS)

(Phoibos 100, Specs, Germany) with an Al Ka X-ray

source and a hemispherical energy analyzer. The C1s

wide and high-resolution spectra were acquired with a

pass energy of 40 and 10 eV to assess the elemental

composition and the C1s binding environment, respec-

tively. The spectra were charge referenced for the

position of the C-O-C groups at 286.5 eV. The

concentration of the surface functional groups was

calculated from the deconvolution of the C1s spectra

with four components at 285.0 eV (the C-C/C-H

groups), 286.5 eV (the C-O-C groups), 287.8 eV

(the C=O groups), and 289.0 eV (the O-C=O groups).

The elemental analysis was done on a Flash EA-

1112 analyzer (Thermo Quest, Italy) and by using an

Oxford Instruments attachment to the scanning elec-

tron microscope VEGA3 TESCAN by the method of

energy-dispersive X-ray analysis and based on X-ray

photoelectron spectroscopy data.

The X-ray diffraction analysis of the films was

performed on a Bruker D8 Advance diffractometer

(Germany) in the Bragg-Brentano configuration

employing Cu-Ka-radiation (k = 0.1542 nm). The

scanning angular range was equal to 2�–35� with the

scanning step of 0.01�. We used a Vantec-1 high-

speed detector. The pulse acquisition time at each

scanning point equaled 0.5 s. The crystallinity index

was calculated by the Segal method, while the
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crystallite sizes were determined by the Scherrer

equation (Voronova et al. 2015; Ioelovich 2017).

The IR-spectra were obtained on a VERTEX 80v

spectrophotometer (Bruker, Germany) in the

wavenumber range of 4000–400 cm-1. The CNC

samples compressed into tablets contained 1 mg of the

sample to be analyzed and 100 mg of KBr. The

measurements were made at room temperature.

UV-Vis spectra of solutions were produced with a

SF-100 spectrophotometer (Russia).

NMR experiment was performed on a Bruker

Avance III 500 NMR spectrometer equipped with a

5 mm probe using standard Bruker TOPSPIN Soft-

ware. One-dimensional NMR proton spectra for the

water-soluble components with addition of D2O

referenced to TMS were collected at 500 MHz and

25 �C. Water suppression was accomplished using the

Watergate pulse sequence (Piotto et al. 1992). Spectra

were acquired with a 8 kHz sweep width, 32 K points,

and 4096 scans.

Results and discussion

It is known that presence of oxidized (aldehyde or

carboxyl) groups in a cellulose macromolecule

changes the rate of hydrolysis. Depending on the

position of the aldehyde or carboxyl groups in the

pyranose heterocycle (at C-2, C-3 or C-6 carbon

atom), the rate of hydrolysis can be decreased or

increased (Bikales and Segal 1971). We have earlier

shown that solution plasma processing at atmospheric

pressure employing diaphragm discharge or end

discharge increases the total content of aldehyde and

carboxyl groups and reduces the degree of cellulose

polymerization (Titiova et al. 2008). In this work, we

propose a novel approach of producing CNC, namely,

oxidation–hydrolysis strategy comprising cellulose

oxidation by solution plasma treatment and cellulose

hydrolysis by sulfuric acid.

The conditions for plasma-chemical treatment and

results of visual inspection are given in Table 1.

Table 1 shows values of current intensity, weight ratio

of cellulose and solution, acid concentration, the

Table 1 Conditions of solution plasma processing of MCC and FP (0.5 g of cellulose in 50 g of solution): atmospheric pressure DC

discharge; T0 is the initial temperature, Tpr is the final processing temperature

Processing

format

Processing conditions Results of visual observation

Mode 1

1-64-15 64% H2SO4, i = 20 mA, T0 = 22 �C, Tpr = 68 �C, t = 15 min A stable, slightly turbid suspension is formed

as a result of MCC treatment. A transparent

solution is formed as a result of FP treatment

1-62-15 62% H2SO4, i = 20 mA, T0 = 22 �C, Tpr = 68 �C, t = 15 min Change in color of solution from dark yellow

to yellow-brown

1-62-10 62% H2SO4, i = 20 mA, T0 = 22 �C, Tpr = 62 �C, t = 10 min Change in color of solution (yellow)

1-62-5 62% H2SO4, i = 20 mA, T0 = 22 �C, Tpr = 46 �C, t = 5 min Change in color of solution from pale yellow

to yellow

1-60-15 60% H2SO4, i = 20 mA, T0 = 22 �C, Tpr = 67 �C, t = 15 min Change in color of solution (pale yellow)

1-55-15 55% H2SO4, i = 20 mA, T0 = 22 �C, Tpr = 62 �C, t = 15 min A slight change in color of solution from pale

yellow to yellow

1-30-15 30% H2SO4, i = 20 mA, T0 = 22 �C, Tpr = 58 �C, t = 15 min

1-0.1-15 0.1% H2SO4, i = 20 vA, T0 = 22 �C, Tpr = 58 �C, t = 30 min

Mode 2

2-0-15 Distilled water, i = 40 mA, T0 = 22 �C, Tpr = 60 �C, t = 15 min A noticeable swelling of FP

2-0-30 Distilled water, i = 20, T0 = 22 �C, Tpr = 59 �C, t = 30 min

Mode 3

3-0-15 Aqueous CNC suspension (3 wt%), 50 g, i = 20 mA, T0 = 22 �C,

Tpr = 58 �C, t = 15 min
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processing time, initial and final temperature of the

treated cellulose suspension.

Figures 2 and 3 show the results of solution plasma

processing of MCC and FP in modes 1 and 2.

Comparison of Figs. 2 and 3 shows that preliminary

solution plasma treatment of cellulose followed by

sulfuric acid hydrolysis (processing mode 2) almost

doubles the yield of CNC (up to 56%) when the

starting material is MCC. If the starting material is FP,

processing modes 1 and 2 give approximately the

same CNC yield (*30%).

The CNC samples produced in three different

modes of solution plasma treatment were character-

ized by different methods. The obtained characteris-

tics are shown in Tables 2 and 3.

Thus, we have obtained stable CNC suspensions by

applying solution plasma processing of MCC and FP.

The CNC particles have a typical size of 200–500/

30–40 nm (length/width) (Figs. 4, 5) and a sufficiently

high charge of the surface (the f-potential value is

about - 40 mV), which causes the high colloidal

stability of these suspensions.

The X-ray diffraction patterns of the CNC films are

shown in Fig. 6. The diffraction peak arising at about

2h = 22.9 is attributed to the (200) plane of cellulose

Iß whereas the two overlapped weaker diffractions at

2h close to 14.8� and 16.6� are assigned to the (1–10)

and (110) lattice planes of cellulose Iß (French 2014).

The CNC films are characterized by a high crys-

tallinity index (81–90) with crystallites of 3.5–5.3 nm

in size (Table 2).

The analysis of IR-spectra shows (Fig. 7) that

plasma processing of MCC and FP in distilled water

leads to cellulose oxidation which becomes apparent

in the increasing intensity of the bands around

1730 cm-1 and in the region of 1383–1385 cm-1
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Fig. 2 Results of solution plasma processing of MCC (a) and

FP (b) in sulfuric acid solutions (processing mode 1, the

processing duration is 15 min)
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Fig. 3 Results of MCC (a) and FP (b) processing in mode 2 (the

plasma treatment duration is 30 for MCC and 15 min for FP)
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(stretching vibrations of the carboxyl group) (samples

2-0-30 and 2-0-15 for MCC and FP, respectively).

At the same time, the intensity of the 1730 cm-1

band in the samples treated in H2SO4 is even lower

than that in the starting MCC or FP.

Thereupon it is worth noting the following. Cellu-

lose is composed of D-glucose units linked via b-1,4-

glycosidic bonds, containing both crystalline and

amorphous regions. A great deal of intra- and inter-

molecular hydrogen bonds enable the molecular

structure of cellulose to be fully cross-linked. This

kind of special composition and structure causes a

challenging problem for cellulose depolymerization as

diffusion of proton to b-1,4-glycosidic bonds is one of

the essential steps for hydrolysis of cellulose catalyzed

by an acid (Rogovin 1972). It has been reported that

carboxyl groups on the cellulose chains can serve as

catalytically active sites for scission of the neighbor-

ing b-1,4-glycosidic bonds in cellulose and the

subsequent hydrolysis of cellulose (Zhou et al. 2015;

Hirosawa et al. 2001). As a result, the problem of

proton diffusion to glycosidic bonds is resolved, and

the efficient hydrolysis of cellulose is realized. Most

probably, amorphous regions of cellulose are sub-

jected to oxidation in the first place. As a result of

subsequent hydrolysis, the oxidized cellulose is

Table 2 Characteristics of the CNC samples produced in three different modes of MCC and FP processing

Processing

format

CNC

yield (%)

aDegree of

polymerization

bHydrodynamic particle size (1st

fraction/2nd fraction) (nm)

cf-
potential

(mV)

dCrystallinity

index

dCrystallite

size (nm)

MCC, mode 1

1-64-15 6 75 170/25 - 39 86 3.5

1-62-15 33 80 210/30 - 37 89 4.4

1-60-15 22 100 200/30 - 36 88 4.7

1-55-15 14 120 600/95 - 36 88 4.9

FP, mode 1

1-64-15 0 – – – – –

1-62-15 14 122 250/30 - 39 83 4.0

1-60-15 30 – 220/40 - 37 87 4.0

1-55-15 23 177 210/40 - 37 87 4.0

MCC, mode 2

2-64-30 22 80 200/30 - 45 90 4.3

2-62-30 30 85 280/40 - 43 89 4.7

2-60-30 56 92 240/30 - 40 88 4.6

2-55-30 14 130 420/70 - 40 87 5.3

FP, mode 2

2-64-15 13 79 – - 40 84 3.8

2-62-15 23 82 – - 41 85 4.0

2-60-15 30 85 320/70 - 38 86 4.1

2-55-15 23 105 420/95 - 40 85 4.1

MCC, mode 3

3-0-15 – 80 460/80 - 40 90 5.0

FP, mode 3

3-0-15 – 86 470/70 - 41 81 4.1

aDetermined by solution viscosity in cadoxen
bDynamic light scattering method
cDetermined by Zetasizer Nano ZS
dX-ray diffraction analysis
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mainly converted to water-soluble products, promot-

ing the release of CNC particles. Apparently, cellulose

surface peeling and partial replacement of the

carboxyls by sulfonate groups on the surface of the

CNC particles can also occur.

This fact is confirmed by the higher sulfur content

under more severe conditions of cellulose treatment

(higher acid concentration and longer processing

time), while the relative content of oxygen and carbon

remains virtually unchanged, as is the relative content

of carbonyl and carboxyl groups (Table 3). Unfortu-

nately, the intensity of characteristic bands of the

sulfonate groups is very low, and their detection with

IR spectroscopy is significantly hampered (Lin and

Dufresne 2014; Lu and Hsieh 2010). The relative

content of oxygen and carbon varies widely depending

on the sample and the method of determination, but on

an average their ratio (for the methods analysing the

surface) is close to the theoretical value of 0.83 for the

surface of pure cellulose (Gaiolas et al. 2009)

(Table 3).

Table 3 Elemental composition and results of analysis of C1s XPS spectra for the CNC samples produced in different plasma-

chemical processing modes

Processing format Elemental composition (%) cRelative content of functional

groups (%)

aH aC bC cC aO bO cO aS bS cS C–C/

C–H

C–

O

O–C–O/

C=O

O–

C=O

MCC, mode 1

1-55-15 6.66 46.3 40.2 59.5 53.3 33.8 40.1 0.23 0.39 – 25 56 16 3

1-60-15 – – 55.1 58.3 – 43.2 41.2 – 0.45 – 25 58 15 2

1-62-5 6.35 45.8 41.3 61.6 53.7 35.1 38.4 0.27 0.7 – 30 53 14 3

1-62-10 5.73 45.4 41.6 59.4 53.1 34.3 39.7 0.76 0.93 0.4 24 59 15 2

1-62-15 6.14 45.1 40.3 78.6 53.6 33.7 21.4 1.04 1.26 – – – – –

FP, mode 1

1-30-30 6.28 36.6 – – 42.7 – – 0.1 – – – – – –

1-55-15 – – 54.5 72.0 35.0 44.9 27.8 – 0.5 – – – – –

1-62-5 – – 54.4 57.2 33.6 44.9 42.3 – 0.67 – 21 59 16 4

1-62-15 4.63 40.3 54.1 58.6 – 44.5 40.6 1.03 1.41 0.5 20 64 14 2

MCC, mode 3

3-0-15 – – 52.9 57.0 – 44.6 41.6 – 1.37 0.8 23 60 15 2

FP, mode 3

3-0-15 – – 53.5 58.9 – 39.6 37.8 – 1.83 1.3 – – – –

Control sample

H2SO4 hydrolysis, standard

procedure

– – – 58.6 – – 41.4 – – – 17 66 14 3

aDetermined by a Flash EA-1112 analyser
bDetermined by the method of energy-dispersive X-ray analysis (VEGA3 TESCAN)
cDetermined by the X-ray photoelectron spectroscopy (Phoibos 100, Specs)

Fig. 4 TEM image of the CNC sample produced from MCC in

the 2-60-30 processing format. Scale bar is 100 nm
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XPS analysis was employed to analyze the CNC

surface modifications taking place during the solution

plasma treatment (Table 3) as well. The obtained C1s

XPS spectra consist of several components with

different binding energy depending on the carbon

oxidation degree (Supporting Information, Fig. 1S).

Pure cellulose exhibits two peaks in its deconvo-

luted C1s XPS spectra: C–O of hydroxy and ethers

groups with the binding energy of about 287 eV (83%)

and O–C–O for hemiacetal moieties with the peak

around 288 eV (17%) (Jiang et al. 2010; NIST

Chemistry WebBook). In practice, the XPS analysis

of cellulose always reveals three or even four peaks at

about 285, 287, 288 and 289 eV, attributed to aliphatic

or aromatic carbon (C–C/C–H), carbon in hydroxy and

ethers groups (C–O), carbon in acetal fragments and/

or carbonyl groups (O–C–O and/or C=O) and carbon

in carboxyl groups (O–C=O), respectively (Gaiolas
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Fig. 5 Dynamic light scattering data for the CNC particles

produced from MCC in different processing formats: a mode 1,

b mode 2

5 10 15 20 25 30 35

In
te

ns
ity

2θ, deg.

 1-64-15
 1-62-15
 1-55-15
 2-64-30
 2-62-30
 2-55-30

(200)

(1-10) (110)

Fig. 6 X-ray diffraction patterns for films of the CNC produced

from MCC in different processing formats
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Fig. 7 IR spectra (in the range of 1000–2000 cm-1) for MCC

(a) and FP (b) samples after solution plasma treatment in

different processing formats. For comparison, the spectra of

MCC and FP before processing are given
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et al. 2009; Pertile et al. 2010; Lu et al. 2015;

Johansson and Campbell 2004; Espino-Pérez et al.

2014). The unexpected peak at about 285 corresponds

to a contamination of the cellulose surface and is

attributed to the impurities associated with the pres-

ence of residual aliphatic or aromatic carbon. Accord-

ing to Carlsson and Ström (1991), the carbon

composition determined using filter paper, as given

by XPS measurements, was found to be (8:72:17:3).

Analyzing the data of Table 3, it can be concluded

that the relative content of oxygen and carbon as well

as carbonyl and carboxyl groups for the CNC

produced in various modes of plasma-chemical treat-

ment are comparable.

The peak arising at 285 eV is probably due to

products of cellulose oxidation and hydrolysis. It is

worth noting that this peak has the lowest intensity for

the control sample (produced by the standard hydrol-

ysis procedure). It should also be noted that the

solution plasma treatment of the CNC suspensions

(mode 3) does not cause any noticeable changes in the

properties of the CNC (Table 2, 3).

At a higher sulfuric acid concentration (62–64%),

solution plasma treatment leads to practically com-

plete hydrolysis of cellulose with formation of water-

soluble products, as well as their further oxidation and

destruction (as indicated by a noticeable change in

color of the solution). Additionally, as the intensity of

plasma solution treatment increases, the intensity of

the color of the solution rises from weak pale yellow to

yellow-brown (Table 1).

Figure 8 represents the absorption spectrum of

water-soluble products formed during plasma-chem-

ical treatment of MCC (processing format 1-62-15).

For comparison, the spectrum of aqueous CNC

suspension is shown. A similar yellow color of the

aqueous phase recovered after hydrolysis of the

oxidized cellulose was observed by Zhou et al.

(2015), Chávez-Guerrero et al. (2018) as well.

Thus, cellulose degradation is accompanied by

yellowing as the main consequence of hydrolysis and

oxidation. The latter causes the development of

functional groups which act as chromophores and

are responsible for yellowing (Mosca Conte et al.

2012).

We have tried to identify the water-soluble products

of cellulose oxidation and hydrolysis by analyzing the

IR spectra of these products after their preliminary

extraction by ethanol-toluene mixture and careful

drying. Figure 9 shows the IR spectra of two of such

samples.

Comparing the IR spectra of the water-soluble

products of solution plasma processing with the

spectra of possible products of cellulose oxidation

and hydrolysis (Bikales and Segal 1971; Rogovin

1972; Niu et al. 2015; Łojewski et al. 2010), we have

come to a conclusion that the products of the plasma

treatment are most probably a mixture of D-glucose

with products of its further oxidation and hydrolysis

(mainly, 5-(hydroxymethyl)furfural (HMF) and levu-

linic acid) (Spectral Database for Organic Compound

SDBS). NMR spectra of the water-soluble products

also confirm this (Supporting Information, Fig. 2S).
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Fig. 8 UV-Vis spectrum of water-soluble products formed as a

result of plasma-chemical treatment of MCC (processing format

1-62-15) (curve 2). For comparison, the spectrum of aqueous

CNC suspension is shown (curve 1)
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Fig. 9 IR spectra of the two samples of water-soluble cellulose

oxidation and hydrolysis products
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Conclusions

In this work, we have used, for the first time, solution

plasma processing of cellulose-containing material

(MCC and FP) to produce CNC. We have shown that

solution plasma treatment in distilled water leads to

cellulose oxidation and formation of surface carboxyl

groups. However, in sulfuric acid solutions, the

oxidation process is accompanied by hydrolysis. As

a result of subsequent hydrolysis, the oxidized cellu-

lose is mainly converted to water-soluble products,

promoting the release of CNC particles. It was

revealed that preliminary solution plasma treatment

of cellulose followed by sulfuric acid hydrolysis

almost doubles the yield of CNC (up to 56%) when

the starting material is MCC.
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