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Abstract: In this study, we demonstrate a new bio-derived and non-toxic deep eutectic

11

solvent composed of betaine hydrochloride (Bh) and glycerol (Gl) as a pretreatment

12

medium for birch cellulose (Betula pendula) to prepare cellulose nanofibers (CNFs) using

13

microfluidization. The co-solvent could readily penetrate into cellulose to swell the

14

fibrillar structure and weaken the interaction within the hydrogen bond network.

15

Moreover, the cationization of glycerol and cellulose by betaine hydrochloride further

16

enhances the swelling process. All of these effects promote the nanofibrillation of

17

cellulose and reduce the energy demand in CNF production. A high CNF mass yield of up

18

to 72.5% was obtained through co-solvent pretreatment using a Bh-to-Gl mole ratio of 1:2

19

at 150°C for 1 h. The mole amount of betaine hydrochloride was noted to affect the

20

nanofibrillation process and stability of the CNF suspension. The obtained CNFs

21

possessed a cationic charge of 0.05–0.06 mmol/g, a diameter of 17–20 nm, and a degree

22

of crystallinity of 67.7–74.4%. The CNFs displayed good thermal stability comparable to

23

that of the pristine cellulose. Thus, this study provides a green and efficient swelling

24

strategy for producing CNFs with a low cationic charge density.

25
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1. Introduction

27

Over the last few decades, the harnessing of cellulose as a green source for designing

28

various every-day commodities and novel advanced applications has gained much

29

attention. The sources of cellulose are widely distributed in nature from plant cells to

30

bacterial. Nanoscale cellulose materials have been considered as inexhaustible and

31

especially promising high-performing future materials (Habibi et al., 2010). As a natural

32

green renewable material, nanocellulose can be structured as an end product that has high

33

transparency, is lightweight, and has very good mechanical properties with the desired

34

chemical functionality (Siró and Plackett, 2010). So far, cellulose nanomaterials have

35

been demonstrated as, for example, reinforcements in a polymer matrix (Chen et al., 2017,

36

2018a), tissue scaffolds (Lin and Dufresne, 2014), conductive or energy storage materials

37

(Li et al., 2015; Chen et al., 2018b), Pickering emulsions (Ojala et al., 2016; Laitinen et

38

al., 2017), and barrier materials (Siró and Plackett, 2010; Wu et al., 2012).

39

Production of nanocellulose (excluding bacterial nanocellulose) is based on top-down

40

techniques in which raw cellulose material is disintegrated down to its nanoscale

41

constituents. In particular, the liberation of elongated cellulose nanofibers (CNFs)

42

requires intensive mechanical treatments (Siró and Plackett, 2010; Carvalho et al., 2019).

43

To decrease the energy consumption, various pre-treatments (e.g., alkaline swelling

44

(Bhatnagar and Sain, 2005), enzymatic hydrolysis (Pääkkö et al., 2007), and chemical

45

derivatization (Saito et al., 2006)) that are applied to enhance the nanofibrillation process.

46

The internal structure of cellulose fibers was compacted through hydrogen bond and it is

47

hard to react with chemicals. However, there is still large amount of more reactive

48

hydroxyl groups on the surface of cellulose. The hydroxyl groups of cellulose can, for

49

instance, be esterified (Braun and Dorgan, 2009) or oxidized to carboxyl (Saito et al.,

50

2006) or aldehyde groups (Liimatainen et al., 2012, 2013; Sirviö et al., 2014), which
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51

allows weakening the recalcitrant interfibrillar hydrogen bond network of cellulose and to

52

facilitate the nanofibrillation process.

53

Deep eutectic solvents (DESs) are self-associated liquid mixtures that typically

54

consist of a hydrogen bond donor (HBD) and hydrogen bond acceptor (HBA) pair and

55

can be tailored by adjusting the properties of the HBD and HBA. Typically, the freezing

56

point of DESs is below 100 °C (Smith et al., 2014), and lower than their individual

57

constituents. They are often considered to be ionic liquid (IL) analogues, which exhibit

58

both low vapor pressure and a good solvent capability for chemical synthesis (Mota-

59

Morales et al., 2018; Hong et al., 2020b). Compared to ILs, DESs are commonly less

60

costly, more commercially available, and easier to prepare (Abbott et al., 2004; Hong et

61

al., 2019b). Since the DESs can interact with hydrogen bond systems, they have widely

62

been viewed as low-toxic and biodegradable green solvents in biomass and

63

polysaccharide processing (Vigier et al., 2015; Zdanowicz et al., 2018; Hong et al., 2018).

64

DESs have also been applied in the fabrication of functionalized cellulose nanomaterials.

65

For example, urea-based DESs have been used as a pretreatment in the production of

66

CNFs through mechanical disintegration (Sirviö et al., 2015; Li et al., 2017). However,

67

urea has been found to react with cellulose to form carbamates at high temperatures in

68

acidic conditions (Willberg-Keyriläinen et al., 2018). Acidic DESs, in turn, have been

69

used as a hydrolytic medium for the production of cellulose nanocrystals (CNCs) (Sirviö

70

et al., 2016). More recently, acidic and alkaline DESs were used to the systematic fraction

71

of biomass, and the obtained cellulose rich part was further coupled with mechanical

72

treatment for production of lignin containing nanocellulose (Suopajärvi et al., 2020; Hong

73

et al., 2020a). DESs show great potential in pretreatment of (ligno)cellulose for

74

fabrication of nanocellulose or lignin containing nanocellulose.
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75

Glycerol is a simple natural polyol that is inexpensive and biodegradable. It is

76

nontoxic and widely used in the food industry. Glycerol is generally obtained from plant

77

and animal sources, where it occurs in triglycerides, which are esters of glycerol with

78

long-chain carboxylic acids. The hydrolysis, saponification, or transesterification of these

79

triglycerides produces glycerol as well as the fatty acid derivatives. Therefore, glycerol

80

can be considered as a green and sustainable solvent (Hong et al., 2019a). Previously,

81

glycerol has been directly used as a wetting agent or a hydrolytic pretreatment medium in

82

the presence of sulfuric acid for the preparation of CNFs and CNCs (Lu et al., 2019;

83

Ramakrishnan et al., 2019). However, relatively harsh reaction conditions, with a

84

treatment temperature and time of 120–200 °C and 3–4 h, respectively, were applied.

85

In this study, a DES based on betaine hydrochloride (Bh) and glycerol (Gl) was used

86

as the pretreatment medium for enhancing the nanofibrillation of birch cellulose to

87

product CNF. Betaine hydrochloride was selected due to its natural availability and its

88

ability to release hydrochloric acid at a high temperature. The released acid can facilitate

89

the depolymerization of cellulose in the presence of glycerol. Compared with mineral

90

acids, betaine hydrochloride is more sustainable, more biodegradable, and easier to

91

handle, and it could enable simultaneous cationization of cellulose. Different pretreatment

92

conditions were explored, including temperature, the mole ratio of the DES constituents,

93

and time. The physicochemical characteristics of DES-treated cellulose and CNF were

94

further analyzed by diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS),

95

thermogravimetric analysis (TGA), X-ray diffraction (XRD), and scanning electron

96

microscopy (SEM) to determine their chemical structure, thermal stability, crystallinity,

97

and surface morphology, respectively. The mechanical properties of CNF were

98

determined by tensile strength measurements from nanocellulose films.

99

2. Materials and methods
5

100

2.1. Materials

101

The dry sheet of bleached birch pulp (Betula pendula) was firstly dispersed in water

102

and washed with deionized (DI) water. After drying at 60 °C for 24 h, it was collected

103

and used as cellulose raw material. The purpose of DI water was used for swelling the

104

cellulose first, which is beneficial for infiltrating and swelling cellulose of DES. The

105

chemical composition (cellulose, xylan, glucomannan, lignin and extractive contents were

106

74.8%, 23.6%, 1.1%, 0.4% and 0.08%) of pulp and other properties have been presented

107

in our previous study (Liimatainen et al., 2011). Glycerol (97%) was purchased from

108

VWR (France) and betaine hydrochloride from TCI (Germany). All chemicals were used

109

as received, and DI water was used throughout the experiments.

110

2.2 Preparation of DESs and pretreatment of cellulose in DESs

111

DESs were prepared with various molar ratios, 1:6, 1:3, 1:2, and 2:3 (HBA to HBD,

112

betaine hydrochloride to glycerol), by mixing the constituent at 100 °C in a beaker.

113

Cellulose was added to the DESs (mass ratio of 1:25) at a given temperature (130, 140, or

114

150 °C) for a desired time (0.5 or 1 h) under continuous stirring in a beaker. After the

115

treatment, the mixture was cooled at room temperature for 10 min. The pretreated

116

cellulose was then separated by adding water and filtering through 5–13 µm filter paper

117

(VWR, France) and was washed until the filtrate became neutral. The solid residue was

118

collected and diluted to 0.5 wt-% for further mechanical disintegration with a

119

microfluidizer.

120

2.3 Disintegration of cellulose with microfluidizer

121

The DES-treated cellulose was disintegrated into nanocellulose with a microfluidizer

122

(Microfluidics M-110EH-30, Westwood, MA, USA) equipped with a double-chamber

123

system (400 and 200 μm), through which the cellulose was cycled in sequence. First, the

124

suspension passed for three cycles at 1000 bar. Half of the suspension was collected and
6

125

named CNF I. Then, the remaining volume was passed through the microfluidizer again

126

for three cycles at 1000 bar and named CNF II.

127

2.4 Characterization of cellulose fibers and CNFs

128

The degree of polymerization (DP) of the cellulose fibers was calculated based on the

129

limiting viscosity values of the freeze-dried samples. The samples were dissolved into a

130

cupriethylenediamine solution (CED) according to the ISO 5351 standard. The DP was

131

calculated from the limiting viscosity according to Eq. 1(Li et al., 2017):

132

,

(1)

133

where [η] = the limiting viscosity (dm3 kg–1), C = the mass fraction of cellulose, and H =

134

the mass fraction of hemicellulose.

135

SEM (Zeiss Zigma HD VP, Germany) was used to observe the morphology of the

136

cellulose before and after DES treatment with EHT of 5 kV. For nanocellulose, a droplet

137

of 0.01 wt-% CNF suspension was dosed on monocrystalline silicon and dried in an

138

ambient environment for 24 h. Before examination, all samples were deposited with a

139

thin Pt layer under vacuum using a sputter coater for 30 s.

140

The dimensions of the wet cellulose fibers before and after co-solvent treatment were

141

analyzed using a Valmet fiber image analyzer (Valmet FS5, Valmet, Finland).

142

Approximately 1 g of suspension was added to the plastic beaker, which was diluted by

143

Valmet FS5 automatically to adjust the consistency of the cellulose. Over 100,000 fibers

144

of each samples were captured and analyzed for their width and length. This method can

145

notice typically 0.1 µm differences in fiber dimension.

146

For the TEM imaging, a droplet of nanocellulose suspension (0.01 wt-%) was

147

directly deposited onto a carbon-coated copper grid and was dried under the ambient

148

conditions for 2 h. After that, excess liquid was removed by blotting with filter paper.

149

Then, samples were stained with a droplet of uranyl acetate (2% w/v) on top of each
7

150

specimen for 30 min. The excess solvent was removed with filter paper. The grid was

151

then allowed to fully dry in air for at least 12 h prior to imaging with a Tecnai G2 Spirit

152

transmission electron microscope (TEM, FEI Europe, Eindhoven, Netherlands) at 100 kV

153

accelerating voltage.

154

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) was used to

155

analyze the chemical structure of the cellulose. The spectra were collected from freeze-

156

dried samples in ambient conditions (Bruker VERTEX 80V spectrometer, USA) using 40

157

scans at a 2 cm-1 resolution in the 600–4000 cm-1 range.

158

Solid-state

13

C cross-polarization/magic angle spinning (13C CP/MAS) nuclear

159

magnetic resonance (NMR) spectroscopy was used to obtain detailed information about

160

the chemical structure of the celluloses. The spectra were acquired with a Bruker

161

AVANCE 400WB (Bruker, Germany) spectrometer operating at 100.7 MHz for 13C.

162

The cationic charge density of the CNFs was determined using the polyelectrolyte

163

titration method with a particle charge detector (BTG Mütek PCD-03, Germany). First,

164

the CNF suspension was diluted with DI water to 0.1 wt-% and was stirred for 0.5 h.

165

Then, 1 ml of the suspension and 9 ml of DI water were added to a

166

polytetrafluoroethylene container and titrated with sodium polyethylene sulfonate (PES-

167

Na, 0.001 N) polyelectrolyte. The charge density was calculated based on the

168

consumption of the polyelectrolytes. Each sample was tested three times.

169

The crystalline structure of the cellulose was determined by powder XRD using a

170

Bruker D8 ADVANC (Bruker, Germany) with Cu Kα radiation at an operating voltage of

171

40 kV and a filament current of 30 mA. The data were collected at a scan speed of 5°

172

2θ/min from 5° to 55°. The crystalline index (CrI; %) was calculated according to Eq. (2)

173

(Segal et al., 1959):

174

(2)
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175

where I200 is the peak intensity of the main crystalline plane diffraction located at 2θ 

176

22.7° and Iam is the intensity of the amorphous diffraction at 2θ  18°.

177

TGA was performed using a Mettler Toledo TGA 2 SF/1100 apparatus (Mettler

178

Toledo, NY, USA). Approximately 3 mg samples were loaded in alumina crucibles. The

179

measurement was carried out in a nitrogen atmosphere with flow rates of 30 mL/min in a

180

temperature range of 30–600 °C at 10 °C/min.

181

2.5 Preparation and characterization of nanocellulose films

182

Self-standing films (grammage of ~80 g/m2) were prepared through vacuum filtration

183

from diluted CNF suspension (0.2 wt-%) with a sand core funnel on a polyvinylidene

184

fluoride (PVDF) membrane (pore size 0.65 μm). The wet sheets were covered by another

185

PVDF film, and the sandwich structure was transferred to a Rapid-Köthen sheet dryer

186

(Karl Schröder KG, Germany) and compressed between two paper sheets at 93 °C under

187

a vacuum at about 800 mbar of pressure for 10 min.

188

The films were conditioned in the measurement environment (with a relative

189

humidity of 50% at 23 °C) for at least 24 h. Then, they were cut into strips with a

190

dimension of 5 mm in width and 50 mm in length. The thickness of each strip was

191

measured using a precision thickness gauge (Hanatek FT3, UK). At least three points in

192

each sample were measured, and the thickness was averaged. The tensile strength of the

193

nanocellulose films was determined by measuring the tensile stress and strain at breaking

194

with a universal testing machine (Zwick D0724587, Switzerland) equipped with a 100 N

195

load cell (Sirviö, 2019).

196

3. Results and discussion

197

3.1 The influence of conditions of co-solvent pretreatment on cellulose
characteristics

198
199

Previously, betaine hydrochloride has been used as a Bronsted acid catalyst in the

200

production of 5-hydroxymethyfurfural (HMF) in a DES medium (Vigier et al., 2012).
9

201

Betaine hydrochloride has also been exploited in the production of ionic building blocks

202

based on glycerol esterification (Journoux-Lapp et al., 2017). Cellulose also is made up of

203

multiple reactive hydroxyl groups. Therefore, it is a highly appealing bio-based chemical

204

for tailoring characteristics of cellulose. However, betaine hydrochloride is a solid and

205

cannot be directly used as a solvent. Glycerol is, in turn, a good solvent for betaine

206

hydrochloride, and it can simultaneously work as a swelling agent for cellulose. In the

207

present work, a co-solvent consisting of betaine hydrochloride and glycerol with different

208

mole ratios (1:6 to 2:3) was used for cellulose pretreatment in different conditions (Table

209

1) to facilitate fabrication of CNFs. Of the screened conditions, only Bh:Gl mole ratios of

210

1:2 and 2:3 resulted in homogeneous mixtures that promoted cellulose disintegration into

211

stable CNF suspensions. And the other examined reaction conditions resulting in

212

inhomogeneous cellulose suspensions, which showed big fiber particles or flocculation

213

and readily form sediments (The typical images were Figure S1). Earlier, pure glycerol

214

was also able to convert cellulose into nanocellulose, but a high temperature of 180–

215

200 °C was required (Ramakrishnan et al., 2019). Thus, betaine hydrochloride played a

216

vital and synergic role here and enabled efficient production of CNF in milder conditions.

217

To optimize the pretreatment conditions, lower temperature and reaction time were

218

also investigated (see entries 5–7 in Table 1). However, these milder conditions did not

219

lead to stable and well-dispersed nanocellulose suspensions and demonstrated that both

220

reaction temperature and time had a significant effect on the formation of cellulose

221

nanoparticles after mechanical treatment. Moreover, it was noted that CNF samples

222

obtained using mole ratios of 1:2 and 2:3 (entries 3 and 4 in Table 1) were more slurry-

223

like and that the washing process for the treated cellulose was time consuming, indicating

224

a strong alteration of the cellulose properties. The other samples were more particle-like,

225

and the washing process was very fast. Pure glycerol was also used to pretreat the

10

226

cellulose at 150 °C for 1 h (entry 8). The appearance of the treated cellulose did not show

227

any differences from the pristine cellulose. The glycerol-treated cellulose also easily

228

blocked the chambers of the microfluidizer, and it was hard to obtain a stable and well-

229

dispersed CNF suspension.

230

Table 1. Pretreatment conditions of cellulose in betaine hydrochloride and glycerol co-solvent.

Entry

Sample

Molar ratio

231

Temperature
Time
Homogeneous
(°C)
(h)
composition
1
Bh1Gl6
1:6
150
1
NO
2
Bh1Gl3
1:3
150
1
NO
3
Bh1Gl2
1:2
150
1
YES
4
Bh2Gl3
2:3
150
1
YES
5
Bh1Gl2-140
1:2
140
1
NO
6
Bh1Gl2-130
1:2
130
1
NO
7
Bh1Gl2-0.5
1:2
150
0.5
NO
8
Gl-150
1
150
1
NO
Celluloses obtained from successful co-solvent treatments (Bh1Gl2 and Bh2Gl3) were

232

used for further analysis. The morphology of the cellulose fibers before and after co-

233

solvent treatment was imaged by SEM, as shown in Figure 1. The original cellulose

234

(Figure 1a) consisted of long fibers with an average length of 893 µm (Table 2). After

235

the pure glycerol treatment, the fibers did not show any changes (Figure 1b), and the

236

resulting cellulose still contained long fibers, with an average length of 886 µm (Table 2).

237

However, after the co-solvent treatment (Figures 1c and 1d), the fibers were degraded to

238

short fibrous particles of about 200 µm in length (Table 2). This change was presumably

239

attributed to hydrolysis of the cellulose structure caused by the hydrochloric acid released

240

from the betaine hydrochloride at the high temperature and the depolymerization of the

241

amorphous regions of the cellulose in the hot glycerol. The decrease in fiber length also

242

facilitated fiber disintegration into nanocellulose and prevented chamber blocking during

243

microfluidization. The hydrolysis of the cellulose during co-solvent pretreatment was

244

confirmed by the DP analysis, as the DP value of the original pulp was around 3500 (Li et

11

245

al., 2017), while the DP decreased notably to below 1000 after the co-solvent treatment

246

(Table S1).

247

The alteration of the cellulose fibers structure can be observed in the magnified SEM

248

images (Figures 1e, 1f, 1g, and 1h). Compared with the original cellulose, many

249

wrinkles could be found on the surface of the treated cellulose. The diameter of the pure

250

glycerol-treated cellulose was close to that of the original cellulose in the wet state (Table

251

2), and the swelling was not obvious. During the co-solvent treatment, the cellulose fibers

252

swelled and softened, and their diameter increased slightly (Table 2). Previously, pure

253

glycerol pretreatment had resulted in negatively charged nanocellulose (Ramakrishnan et

254

al., 2019), which is ascribed to the oxidation hydroxyl groups to carboxyl groups in

255

cellulose. In the current study, the esterification reaction between the betaine

256

hydrochloride and the hydroxyl group introduced cationic moieties on the cellulose.

257

However, the charge densities of both sets of celluloses were quite low at ~0.05–0.06

258

mmol/g (Table S1).

259

(Insert Figure 1)

260

Table 2. The dimensions of the cellulose, determined by Valmet FS5, before and after the co-solvent

261

treatment.

Sample
Original cellulose
Gl-150
Bh1Gl2
Bh2Gl3
262

Width (µm)
26.88
26.55
28.17
30.33

Length (µm)
893
886
211
183

3.2 Chemical analysis of cellulose

263

Changes in the cellulose chemical structure before and after the DES treatment were

264

analyzed by DRIFTS. The spectra are shown in Figure 2a. The assignment of the

265

cellulose peaks was based on previous studies (Oh et al., 2005; Proniewicz et al., 2001).

266

The intensive broad band around 3775–3000 cm−1 is attributed to the stretching vibration

267

of O-H. The other characteristic absorption peaks are the CH stretching at 2902 cm−1 and
12

268

the OH bending adsorbed water at 1640 cm−1. The absorption bands at 1430, 1372, and

269

898 cm−1 are related to the typical cellulose structure assigned to the HCH and OCH in-

270

plane bending vibrations, the CH deformation vibration, as well as the COC and CCO

271

deformation modes, and the CCH stretching vibrations (Proniewicz et al., 2001). The

272

spectra of all modified cellulose showed peaks similar to those of the original cellulose in

273

these wavenumbers, but a new weak peak located at 1758 cm-1 in the DES-pretreated

274

cellulose was also observed. This peak indicates the formation of ester groups between

275

cellulose and betaine hydrochloride. However, the quaternary ammonium group, which

276

should be located at around 1475 cm−1 (the absorption peak of the deformation vibration

277

of C-H of CH3 in the quaternary ammonium groups) (Ma et al., 2014) in the DES-

278

pretreated cellulose, was not detectable, likely due to the low degree of substitution. The

279

ester peak intensity (1758 cm-1) of the nanocelluloses did not show obvious differences,

280

indicating that the reactivity between the cellulose hydroxyl group and the betaine

281

hydrochloride was very low without any catalyst. During the mechanical disintegration,

282

the peak intensity related to ester group didn’t decreased with the increased times of

283

passing through microfluidizer, demonstrating the formation of stable ester bonds. This

284

result is in accordance with the low-charge density of the modified cellulose (Table S1).

285

The introduced ester group played a dual role in CNF fabrication; it served as a steric

286

barrier to block hydrogen bonding between the molecule chains and increased the

287

interfibrillar electrostatic repulsion. During the microfluidization process, cellulose fibrils

288

will be easier to be liberated along the longitudinal axis of the cellulose microfibrillar

289

structure, resulting in the successful extraction of cellulose nanoparticles.

290

The chemical structure of the cellulose was further elucidated using

13

C CP-MAS

291

NMR spectroscopy, as shown in Figure 2b. The characteristic chemical shift related to

292

carbon peaks of C1-6 remained unchanged after co-solvent treatment. The carbonyl

13

293

carbons that originated from the introduced ester groups should appear around 170–180

294

ppm. However, this signal was absent in the treated cellulose due to the low degree of

295

substitution and the low sensitivity of the analysis.

296
297

(Insert Figure 2)

3.3 Morphology of nanocellulose

298

The morphology of cellulose nanoparticles was investigated by SEM and TEM, as

299

illustrated in Figure 3. As summarized and defined in previous literature, CNFs are

300

typically produced through mechanical refining, the nanoparticles have a higher aspect

301

ratio with 500-2000 nm in length (Moon et al., 2011). According to SEM imaging, the

302

samples consisted of fibrillar particles with a dimension of >500 nm in length and <30 nm

303

in width, showing a typical structure of CNFs. The samples consisted mainly of

304

homogeneous particles with diameters of 19.3±4.9 nm for Bh1Gl2 CNF I, 19.5±3.4 nm for

305

Bh1Gl2 CNF II, 19.7±3.4 nm for Bh2Gl3 CNF I, and 17.3±3.0 nm for Bh2Gl3 CNF II. The

306

diameter didn’t show significant difference. The individual diameter of cellulose

307

nanofibril should be around 3-5 nm, but due to the high interaction between the hydroxyl

308

group and crystalline area in cellulose, it’s hard to peel off cellulose bundles. TEM

309

images also confirmed that the CNFs were structured bundles of individual nanofibrils.

310

(Insert Figure 3)

311

Previously, the birch cellulose was pretreated with urea-based DES (Sirviö et al.,

312

2015; Li et al., 2017), and after passing through a double-chamber system (400 and 200

313

μm) in a microfluidizer three times at a pressure of 1300 bar, stable and homogeneous

314

CNFs suspensions were obtained (CNF I). The diameters of CNFs were ranging from 13

315

to 30 nm, which is close to the CNFs in this study. However, the pressure used the current

316

study was only 1000 bar. Although more intense mechanical treatment with smaller

317

chambers and at higher pressure could further peel off the individual nanofibers from the

14

318

cellulose nanofibril bundles, it may also lead to the degradation of cellulose (Sirviö et al.,

319

2015).

320

The mechanism of the enhancement of nanofibrillation of cellulose through this new

321

DES treatment is ascribed to the swelling and cationization of cellulose. Hot glycerol

322

could enter the inside of cellulose fibers, similar to urea, glycerol likely disrupted the

323

hydrogen bond interaction between fibrils (Carrillo et al., 2014), which led to the fiber

324

swelling, increase in surface area and promotion of nanofibrillation (Ramakrishnan et al.,

325

2019). The fibers could be fully swelled and softened, meanwhile, glycerol could also act

326

as delivery media of betaine hydrochloride. The swelled cellulose had an increased

327

specific area and more exposed hydroxyl groups. Under this condition, betaine

328

hydrochloride was more accessible to cellulose and reacted with hydroxyl groups to

329

introduce a cationic charge on the cellulose. The formation of glyceryl glycine betaine

330

esters between the glycerol and betaine hydrochloride likely further enhanced the

331

swelling effect of the cellulose. Subsequently, the pretreated cellulose could be

332

successfully disintegrated into homogeneous CNFs (Figure 4).

333

(Insert Figure 4)

334

After passing through the microfluidizer three times, the CNF suspension existed as a

335

homogeneous, highly viscous, and transparent gel without any visible sedimentation or

336

flocculation (Figure S2). Additional passages increased both the viscosity and

337

transparency of the CNF gel (Figure S3). The appearance of the CNF suspension was

338

similar to what was previously observed with the urea-based DESs treatments (Sirviö et

339

al., 2015; Li et al., 2017). Another observation was that the Bh2Gl3 cellulose tended to

340

easily form a stable and transparent suspension. Cellulose was fully saturated by glycerol,

341

and the formation of glyceryl glycine betaine esters proceeded simultaneously. In this

342

reaction, the release of hydrochloric acid worked as a catalyst, and the amount of this
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343

catalyst could significantly affect the yield and reaction rate of the esterification.

344

Compared with Bh1Gl2, Bh2Gl3 contained more betaine hydrochloride, which could

345

significantly accelerate the formation of glyceryl glycine betaine esters and, in turn,

346

enhance the swelling of the cellulose.

347

3.4 Crystalline structure of nanocellulose

348

Figure 5 presents the XRD patterns of the pristine birch cellulose and the CNF

349

samples. All samples showed a typical diffraction pattern of cellulose I, indicating that

350

the crystalline structure remained intact after the DES treatment. The main three 2θ

351

diffraction angles close to 14.8°, 16.5°, and 22.7° are associated with the 1–10, 110, and

352

200 crystalline planes, respectively. The unchanged crystalline structure of the pretreated

353

cellulose also demonstrated that the esterification reaction occurred mainly on the

354

surfaces of the cellulose (Pei et al., 2013). Earlier, hot glycerol swelling also did not

355

affect the crystalline structure of the cellulose (Ramakrishnan et al., 2019). The CrIs of

356

CNFs were all decreased compared with the original birch cellulose. According to the

357

method of solid-state NMR study on cellulose crystallinity (Newman, 2004), the CrI of

358

cellulose was calculated based on sub-spectrum showing peaks assigned to the C4 in

359

cellulose. The CrI is calculated by CrI=IC4, cry/( IC4, cry+ IC4, am) (Figure S4). The CrIs of

360

birch cellulose and Bh2Gl3 were 55% and 50%, respectively. This result also indicated the

361

pretreated birch cellulose showed a lower crystallinity than pristine one. The decrease of

362

CrI of treated birch cellulose was due to the swelling effect of DES on cellulose, which

363

was found similar as in a recent study using choline chloride and imidazole DES as

364

swelling medium for cellulose to make cellulose nanofibers (Sirviö et al., 2020). And the

365

further severe mechanical treatment during microfluidization may also had effect on the

366

CrI of CNF and was noted to correlate with the number of treatment times of CNF

367

through the microfludizer (Sirviö et al., 2015). However, the samples from different

16

368

pretreatments showed differences in CrI as a function of passages through the chambers.

369

For Bh1Gl2 sample, the CrI decreased with the increased mechanical nanofibrillation,

370

which is due to the weakening of interfibrillar hydrogen bonds and disruption on

371

crystalline regions. For the Bh2Gl3 sample, the CrI in turn increased after further

372

mechanical nanofibrillation. This result might be due more pronounced swelling in

373

Bh2Gl3, the further mechanical disintegration could result in partial dissolution of less

374

crystalline parts and decrease in nanofiber diameter. This result is in accordance with a

375

lower diameter of nanoparticles as described in morphology analysis.

376
377

(Insert Figure 5)

3.5 Thermal stability of nanocellulose

378

The thermal behavior of the original cellulose and CNF samples was analyzed by

379

TGA in a N2 atmosphere. The results of the TGA and differential thermogravimetry

380

analysis (DTG) curves are shown in Figure 6. The thermal decomposition of the cellulose

381

could be divided into three stages: initial, main, and char decomposition. The start

382

decomposition temperature (Tstart), onset decomposition temperature (Tonset), and

383

maximum weight-loss rate temperature (Tmax) of the samples are listed in Table S2. In

384

the initial stage, where the temperature was below Tstart, the weight loss was due to the

385

evaporation of the absorbed moisture. The main decomposition between approximately

386

200 °C and 400 °C was caused by depolymerization, dehydration of the cellulose, or

387

decomposition of the glycosyl units. In this stage, the weight loss was very fast. The Tmax

388

of the original cellulose was 346 °C, which was the highest value among the five samples.

389

The thermal stability of the cellulose was affected by its crystallinity and introduced

390

functional groups (Lee et al., 2018; Xing et al., 2018). Consequently, the decrease in the

391

crystallinity of the nanocellulose decreased its thermal stability. Moreover, cellulose

392

hydrolysis during the co-solvent treatment could have lowered the thermal stability of the

17

393

nanocellulose (Hong et al., 2019a). Overall, the thermal stability of CNFs was, however,

394

close to that of the pristine cellulose and higher than previously reported for carboxylated

395

and sulfated nanocellulose (Sirviö et al., 2016; Li et al., 2019). This property of cellulose

396

is very important for its application, especially when used as reinforcement in a

397

thermoplastic composite.

398
399

(Insert Figure 6)

3.6 Mechanical properties of self-standing films

400

The stress-strain curves and tensile properties of the self-standing films prepared

401

from CNFs using a filtration method are shown in Figure 7 and Table 3. Generally, the

402

films exhibited good mechanical properties with tensile strength ranging from

403

approximately 80 to 110 MPa. These values are lower than films prepared from the CNFs

404

of urea-based DESs pretreatment (Li et al., 2017) but are comparable to enzyme-

405

pretreated nanocellulose films (Qing et al., 2015) (60–120 MPa). Due to the hydrolysis

406

reaction, the DP of glycerol and betaine hydrochloride co-solvent treated cellulose is

407

lower than that of the urea-based DES pretreatment samples. Therefore, the length of the

408

resulting nanofibers was shorter than in the previous studies. The long fibers with high

409

aspect ratio nanocellulose result mostly in films with good mechanical properties (Saito

410

et al., 2009), which could be ascribed to the possibility for stronger nanoparticle

411

interconnection induced by the entanglement of the flexible cellulose nanofibers

412

(Dufresne, 2017). One-way ANOVA analysis was performed to evaluate the statistical

413

differences of the mechanical measurements (OriginPro 2018). The analysis did not show

414

any significant differences between the tensile strength of the nanocellulose films at

415

p<0.05 (the p-value was 0.213). However, it was confirmed by elongation at break values

416

during the mechanical tests that the films prepared from CNF II were slightly brittler than

18

417

the CNF I films. Probably, the prolonged mechanical treatment decreased the DP of the

418

cellulose and resulted in brittler films (Sirviö et al., 2015).
(Insert Figure 7)

419
420

Table 3. Mechanical properties of the CNF films.

Sample
Bh1Gl2 CNF Ⅰ
Bh1Gl2 CNF Ⅱ
Bh2Gl3 CNF Ⅰ
Bh2Gl3 CNF Ⅱ
421

Elastic modulus
(GPa)
4.3±1.3
5.5±0.7
4.4±1.2
5.3±0.8

Maximum tensile strength
(MPa)
86±6
93±13
99±5
93±7

Elongation at break
(%)
3.6±0.2
3.1±0.5
4.4±1.2
3.1±0.7

4. Conclusions

422

Cellulose pulp was pretreated in glycerol and betaine hydrochloride co-solvent under

423

various conditions, with a maximum mass yield of 72.5 wt-%. After mechanical

424

disintegration, highly viscous and transparent CNF suspensions were obtained. The molar

425

ratio of betaine hydrochloride to glycerol was a crucial factor for cellulose modification.

426

Cellulose pretreated with a Bh:Gl mole ratio above 1:2 could be successfully

427

disintegrated into CNF. The glycerol functioned as a swelling agent and reaction medium

428

for betaine hydrochloride, and it weakened the interfibrillar hydrogen bonding of the

429

cellulose. Moreover, the cationization of the glycerol and cellulose increased the

430

electrostatic repulsion within the cellulose, which further facilitated cellulose swelling.

431

The cellulose’s degree of substitution with the betaine hydrochloride ester was very low,

432

and the CNFs possessed only a low cationic charge density. The obtained nanofibers were

433

17–20 nm in diameter, with degree of crystallinity ranging from 67.7 to 74.4%. The

434

thermal stability of the obtained nanocellulose was comparable to that of the original

435

cellulose. In addition, the nanostructured self-standing nanocellulose films showed good

436

mechanical performance, with their tensile strength ranging from 80 to 110 MPa. Overall,

437

the chemicals used are naturally available, cheap, safe, and biodegradable. The current

19

438

study presented a new green and efficient route for producing CNFs with a swelling

439

treatment.

440
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Figure S1. Appearance of typical unsuccessful treatments that showed obviously inhomogeneous
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suspension, a lot of visible cellulose particles and flocculation (left). And typical appearance of
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samples from the successful treatments was homogeneous, transparent and highly viscous (right).
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Figure S2. Appearance of 0.5% cellulose nanofibers suspensions, from left to right were Bh1Gl2
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CNF Ⅰ, Bh1Gl2 CNF Ⅱ, Bh2Gl3 CNF Ⅰ, and Bh2Gl3 CNF Ⅱ.
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Figure S3. Appearance of 0.5% cellulose nanofiber suspension of Bh2Gl3 CNF Ⅱ spread in petri
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dish.
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Figure S4. CrI calculation of C4 region in NMR for birch cellulose and Bh2Gl3.
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Table S1. Yield, surface charge density and degree of polymerization of cellulose after co-solvent
pretreatment.
Sample
Bh1Gl2
Bh2Gl3

Yield
(%)
72.5
70.3

Cationic charge
density (mmol/g)
0.05 ± 0.01
0.06 ± 0.01

DP
780
690

25

6

26

Table S2. Thermal degradation data of birch cellulose and obtained cellulose nanofibers.
Sample
Birch cellulose
Bh1Gl2 CNF Ⅰ
Bh1Gl2 CNF Ⅱ
Bh2Gl3 CNF Ⅰ
Bh2Gl3 CNF Ⅱ

Tstart (°C)
211
203
207
218
220

Tonset (°C)
326
319
318
319
321
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Tmax (°C)
346
339
341
341
341
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Figure 1. SEM images with different magnification of birch cellulose, (a) x200 and (e) x5000 SE;
pretreated cellulose using pure glycerol, (b) x200 and (f) x5000 SE; Bh:Gl mole ratio of 1:2 (entry
3 in Table 1), (c) x200 and (g) x5000 SE; and pretreated cellulose using a Bh:Gl mole ratio of 2:3
(entry 4 in Table 1), (d) x200 and (h) x5000 SE.
Figure 2. (a) DRIFT and (b) NMR spectra of birch cellulose and nanocelluloses.
Figure 3. SEM and TEM images of nanocelluloses: (a, e) Bh1Gl2 CNF I, (b, f) Bh1Gl2 CNF II, (c,
g) Bh2Gl3 CNF I, and (e, h) Bh2Gl3 CNF II.
Figure 4. Mechanistic illustration for the preparation of CNF based on betaine hydrochloride and
glycerol co-solvent pretreatment.
Figure 5. XRD diffraction patterns of the pristine cellulose and CNFs.
Figure 6. (a) TGA and (b) DTG curves of the pristine cellulose and CNFs.
Figure 7. Typical tensile stress-strain curves of the CNF films.
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