
Title Crystallinity improvements in cellulose II after multiple posttreatment cycles with a dilute
NaOH solution

Author(s) Kugo, Yuki; Nomura, Satoshi; Isono, Takuya et al.

Citation Polymer journal, 56(5), 517-527
https://doi.org/10.1038/s41428-024-00890-0

Issue Date 2024-05

Doc URL https://hdl.handle.net/2115/92967

Rights

This version of the article has been accepted for publication, after peer review (when
applicable) and is subject to Springer Nature’s AM terms of use, but is not the Version of
Record and does not reflect post-acceptance improvements, or any corrections. The Version of
Record is available online at: http://dx.doi.org/10.1038/s41428-024-00890-0

Type journal article

File Information PJ2023404R_editing(SPSJ)_kugo240122-1.pdf

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP



1 

 

Crystallinity Improvements in Cellulose II after Multiple Posttreatment 1 

Cycles with a Dilute NaOH Solution 2 

Yuki Kugo1, Satoshi Nomura1, Takuya Isono2, Masashi Fujiwara2, 3 

Toshifumi Satoh2,3, Hirofumi Tani2, Tomoki Erata2, and Kenji Tajima 2* 4 

1Graduate School of Chemical Sciences and Engineering, Hokkaido University, N13 W8, Kita-5 

ku, Sapporo 060-8628, Japan 6 

2Faculty of Engineering, Hokkaido University, N13 W8, Kita-ku, Sapporo 060-8628, Japan 7 

3ICReDD List-PF, Hokkaido University, N21W10, Kita-ku, Sapporo 001-0021, Japan 8 

*Corresponding Author: Email: ktajima@eng.hokudai.ac.jp 9 

Email: Yuki Kugo: kugo2318@eis.hokudai.ac.jp; Satoshi Nomura: satoshi054@gmail.com; 10 

Takuya Isono: isono.t@eng.hokudai.ac.jp; Masashi Fujiwara: fujiwara@icredd.hokudai.ac.jp; 11 

Toshifumi Satoh: satoh@eng.hokudai.ac.jp; Hirofumi Tani: tani@eng.hokudai.ac.jp; Tomoki 12 

Erata: erata@eng.hokudai.ac.jp 13 

ORCID IDs: Takuya Isono: 0000-0003-3746-2084; Toshifumi Satoh: 0000-0001-5449-9642; 14 

Hirofumi Tani: 0000-0002-5935-0756; Tomoki Erata: 0000-0003-3159-908X; Kenji Tajima: 15 

0000-0002-3238-813X 16 



2 

 

Running head 17 

Crystallinity improvement in Cell-II by posttreatment 18 

Keywords 19 

Cellulose II/Crystallinity improvement/Mercerization/Low-concentration alkali treatment 20 

21 



3 

 

Abstract 22 

The low crystallinity of cellulose II makes industrial use a major challenge. In our 23 

previous report, we proposed a mechanism for improvement of the crystallinity of cellulose II 24 

during posttreatment with a dilute NaOH solution. Specifically, rearrangements of the cellulose 25 

molecules occurred only near inaccessible surfaces through which NaOH penetrated, resulting in 26 

conversion into crystalline regions. To verify our proposed mechanism and to improve the 27 

crystallinity further, we performed both long-term single-cycle and multicycle posttreatments 28 

with dilute NaOH solutions. Multiple posttreatment cycles under optimal conditions increased the 29 

crystallinity by up to approximately 20%. In contrast, long-term single-cycle posttreatment led to 30 

crystallinity improvements of only up to approximately 10%. Changes in the proportions of the 31 

regions during multiple cycles after treatment supported our proposed mechanism. During 32 

multiple posttreatment cycles, the products were converted to crystalline regions only on the 33 

inaccessible surfaces enlarged by the previous posttreatment cycle, which increased the crystal 34 

sizes in each cycle. Optimization of the treatment times used during the multiple posttreatment 35 

cycles led to crystallinity improvements with fewer posttreatment cycles. Our investigations of 36 

the mechanism for crystallinity improvement will contribute to structural elucidation of cellulose 37 

II and the efficient preparation of highly crystalline cellulose II.  38 
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Introduction 39 

 Cellulose is the most abundant biopolymer in the world 1, and it has received 40 

considerable attention due to its renewable, sustainable, and biodegradable utilization in industrial 41 

applications. When natural cellulose is treated with a strong alkaline solution, a process called 42 

mercerization occurs 2. In this process, a transition from cellulose I crystals to cellulose II crystals 43 

occurs. Cellulose II crystals are also formed by the regeneration of dissolved cellulose. Cellulose 44 

II has excellent luster, dyeability, and drape properties, as well as other advantageous properties; 45 

thus, it is an indispensable material in various industrial products, such as fibers and films. 46 

However, the crystallinity of cellulose II decreases during the crystal transition process. Many 47 

strategies, including the preparation of cellulose II via saponification of cellulose acetate and 48 

regeneration of more ordered cellulose with highly polar coagulation media 3,4 and ionic liquids 49 

5, have been proposed to address this problem. The preparation of highly crystalline cellulose II 50 

via simpler methods could expand the range of cellulose applications. 51 

 Posttreatment with dilute sodium hydroxide (NaOH) aqueous solutions 6–11 has long 52 

been used to increase the crystallinity of cellulose II. Our group previously proposed a mechanism 53 

for improving the crystallinity of cellulose II via NaOH posttreatment 12. As shown in Fig. 1(a), 54 

the surface areas of cellulose II fibrils can be divided into accessible and inaccessible regions, 55 
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depending on whether solvent molecules, especially water, can access them 13,14. These surface 56 

regions can be distinguished by solid-state 13C nuclear magnetic resonance (NMR) spectroscopy 57 

and confirmed by dynamic nuclear polarization solid-state NMR spectroscopy 15. Discussions of 58 

the posttreatment should address crystallization of the inaccessible surfaces because they are 59 

easily crystallized owing to their soft structures and high mobility. In our previous study, NaOH 60 

posttreatment was performed with aqueous NaOH solutions of various concentrations. We found 61 

that posttreatment with a 10 wt% NaOH solution resulted in the maximum cellulose II 62 

crystallinity and that the proportion of inaccessible surfaces/amorphous regions decreased as the 63 

cellulose crystallinity was increased during the posttreatment. Based on these results, we proposed 64 

a mechanism for crystallinity improvement in which rearrangements of the cellulose molecules 65 

on inaccessible surfaces occur via the penetration of NaOH into these surfaces, followed by 66 

conversion of these surfaces into crystalline regions. Furthermore, the crystallinity of cellulose II 67 

has been reported to be greater after repeated alkali posttreatments than after a single 68 

posttreatment 9–11. Thus, more highly crystalline cellulose II could be obtained by optimizing the 69 

posttreatment conditions. However, a mechanism focused on surface regions for improving 70 

crystallinity during these repeated posttreatments has not been reported. A detailed analysis of the 71 

compositional changes occurring in the cellulose II fibrils during repeated posttreatments would 72 

be useful for efficient preparation of highly crystalline cellulose II and high-strength cellulose II 73 
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materials. 74 

 The objective of this study was to elucidate the mechanism for improvements in 75 

crystallinity during dilute alkali posttreatment. The mechanism for improving the crystallinity 76 

was verified with two posttreatment methods: long-term single-cycle posttreatment and 77 

multicycle posttreatment with a 10 wt% NaOH solution. Fig. 1(b) shows a schematic diagram of 78 

the crystallinity improvements expected for long-term single-cycle posttreatment and multicycle 79 

posttreatment. If our proposed mechanism is correct, multicycle posttreatment should lead to 80 

greater crystallinity improvements than single-cycle posttreatment for a longer duration. The 81 

upper panel in Fig. 1(b) illustrates the expected mechanism for the long-term single-cycle 82 

posttreatment. Crystallization occurs from inaccessible surfaces toward amorphous regions 83 

during the posttreatment; however, the areas in which crystallization can occur are limited. After 84 

a certain degree of crystallization has occurred on all inaccessible surface regions, further 85 

prolonged posttreatment is not likely to enhance the crystallinity. On the other hand, during 86 

multiple cycles after treatment, as depicted in the lower panel in Fig. 1(b), the crystallinity is 87 

expected to increase in stepwise fashion with each posttreatment cycle, as crystallization proceeds 88 

from the inaccessible surfaces that were expanded during the previous cycle. Therefore, 89 

crystallization of the amorphous regions away from the initial crystals is anticipated to occur, 90 

resulting in a more substantial improvement in the crystallinity than that seen with a single 91 



7 

 

treatment over an extended period. These posttreatment methods were employed in this study. 92 

Changes in the proportions of crystalline regions, accessible surfaces, and inaccessible 93 

surfaces/amorphous regions in the obtained samples were tracked, and their crystallinities were 94 

compared. The obtained results were used to assess the mechanism for crystallinity improvement. 95 

 96 

(Figure 1) 97 

Materials and methods 98 

Materials 99 

Whatman CF11 cellulose powder (Whatman International Ltd., Kent, England) was 100 

used to prepare the initial mercerized cellulose II powder. Cellulose II fibers, Fortisan (Celanese 101 

Corp., Dallas, USA), Polynosic (Teijin Limited, Tokyo, Japan), and a commercial rayon for 102 

handicrafts (Perugia Corp., Osaka, Japan) were used for the multicycle posttreatments. NaOH 103 

(>97.0%) and sulfuric acid (H2SO4; >95.0%) were purchased from FUJIFILM Wako Pure 104 

Chemical Corp. (Osaka, Japan). Deionized water (Elix@Essential3, Merck KGaA, Darmstadt, 105 

Germany) was used to prepare the NaOH and H2SO4 aqueous solutions and wash the cellulose II 106 

samples. 107 

Preparation of the initial cellulose II powder 108 
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 The cellulose powder was mercerized with a 25 wt% NaOH solution for 2 h at room 109 

temperature (24 °C). The mercerized sample was neutralized with a 20 vol% H2SO4 solution at 110 

room temperature (24 °C) to bring its pH below 7.0. The sample was washed with deionized water 111 

and air-dried at room temperature (24 °C). 112 

Long-term single-cycle posttreatment 113 

 The initial cellulose II powder was treated with a 10 wt% NaOH solution for 2–16 h at 114 

room temperature (24 °C) to observe the effect of treatment time on the results of the low-115 

concentration alkali posttreatment. A 10 vol% H2SO4 solution was used for neutralization. The 116 

samples were washed with deionized water, air-dried at room temperature (24 °C), and 117 

subsequently analyzed via solid-state 13C cross-polarization magic angle spinning (CP/MAS) 118 

NMR and X-ray diffraction (XRD). 119 

Multicycle posttreatment 120 

 For each posttreatment cycle, the initial cellulose II powder was treated with a 10 wt% 121 

NaOH solution for 2 h at room temperature (24 °C). Neutralization was performed with a 10 vol% 122 

H2SO4 solution at room temperature (24 °C) to bring the pH of the powder below 7.0. The sample 123 

was washed with deionized water and air-dried at room temperature (24 °C). The next 124 

posttreatment was performed after the sample was dried. The posttreatment process was repeated 125 
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nine times with the same sample. After each cycle, the dried samples were analyzed by solid-state 126 

13C CP/MAS NMR and XRD. 127 

Multicycle posttreatment of cellulose II fibers 128 

 Multiple treatment cycles were performed on Fortisan, Rayon, and Polynosic fibers. 129 

One side of the fiber was taped to the bottom of a vat to stabilize it. For each posttreatment cycle, 130 

the fiber sample was treated with a 10 wt% NaOH solution at room temperature (24 °C) for 2 h. 131 

Neutralization was performed with a 10 vol% H2SO4 solution at room temperature (24 °C) to 132 

bring the pH below 7.0. The sample was washed with deionized water and air-dried at room 133 

temperature (24 °C). All posttreatments were performed after the samples were dried. The 134 

multicycle treatments were repeated up to three times for Fortisan and Rayon and up to four times 135 

for Polynosic. The samples were analyzed by solid-state 13C CP/MAS NMR and XRD. 136 

Multicycle posttreatment, including neutralization with H2SO4 solutions of various 137 

concentrations 138 

 In a series of multicycle posttreatments, the low-concentration NaOH treatment and 139 

neutralization treatment with a H2SO4 aqueous solution were repeated. Multiple posttreatment 140 

cycles were performed with the initial cellulose II powder by changing the concentration of the 141 

H2SO4 aqueous solution used for neutralization to evaluate the effect of neutralization on the 142 
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crystallinities of the samples. Each multicycle posttreatment was performed for 2 h at room 143 

temperature (24 °C) with a 10 wt% NaOH solution. The neutralization treatments were performed 144 

with 0 (water), 5, and 20 vol% H2SO4 solutions at room temperature (24 °C) to bring the pH of 145 

the powder below 7.0. The samples were washed with deionized water and air-dried at room 146 

temperature (24 °C). After each subsequent posttreatment cycle, the samples were dried, and the 147 

process was repeated up to three times for the same sample. The dried samples were analyzed by 148 

solid-state 13C CP/MAS NMR after each posttreatment cycle. 149 

Multiple posttreatment cycles for various durations 150 

Multiple posttreatment cycles were performed with the cellulose II powder for various 151 

durations ranging from 2 to 12 h during the second to fourth cycles with a 10 wt% NaOH solution 152 

at room temperature (24 °C) to evaluate the effect of the posttreatment time on the crystallinities 153 

of the samples. The treatment time was set to 2 h in all cycles prior to that in which the treatment 154 

time was changed. For example, when the treatment time was changed in the fourth cycle after 155 

treatment, the treatment times for cycles 1–3 were 2 h. 156 

Furthermore, the total posttreatment time was divided into several cycles of 6, 8, and 10 157 

h to optimize the treatment time and number of posttreatment cycles. Each posttreatment cycle 158 

on the cellulose II powder was performed with a 10 wt% NaOH solution at room temperature 159 
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(24 °C). The samples were neutralized with a 10 vol% H2SO4 solution at room temperature 160 

(24 °C) to bring their pHs below 7.0. The samples were washed with deionized water and air-161 

dried at room temperature (24 °C). Each cycle was performed after the sample was dried. The 162 

dried samples were analyzed by solid-state 13C CP/MAS NMR. 163 

Solid-state 13C CP/MAS NMR spectroscopy 164 

 Solid-state 13C CP/MAS NMR spectra were measured at the Instrumental Analysis 165 

Support Office, Frontier Chemistry Center, Faculty of Engineering, Hokkaido University, Japan, 166 

with an Avance 500 spectrometer (Bruker, Germany) operated at 125 MHz with a 2.5 mm rotor 167 

as well as a DSX300 spectrometer (Bruker) operated at 75 MHz with a 4 mm rotor. The MAS 168 

frequency was 10 kHz. All spectra were obtained with a 1H NMR 90° pulse, which had a length 169 

of 4.0 μs, a contact time of 1.5 ms, and a repetition time of 4 s. The spectra were calibrated with 170 

the carbonyl-carbon peak of glycine (176.46 ppm). A ramp sequence was employed for the 171 

contact pulse, and a tppm-15 sequence was utilized for decoupling. Deconvolution of the C4 172 

resonance lines was performed with the Dmfit2017 line-fitting program 16. A Lorentzian geometry 173 

was utilized for each line, and the C4 resonance lines were divided into crystalline regions, 174 

accessible surfaces, and inaccessible surfaces/amorphous regions 14,17, as shown in Fig. 212. The 175 

chemical shifts for the crystalline regions, accessible surfaces, and inaccessible 176 
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surfaces/amorphous regions of cellulose II crystals were 88.9 and 87.8 ppm, 86.9 and 85.9 ppm, 177 

and 84.2 ppm, respectively. The proportion of each region was calculated from the integrated area 178 

under the resonance line. 179 

 180 

(Fig. 2) 181 

XRD analyses 182 

 XRD was performed with a SmartLab (Rigaku Co. Ltd., Tokyo, Japan) X-ray 183 

diffractometer equipped with a Cu Kα anode (λ = 1.5418 Å) powered at 45 kV. The scan range 184 

was 5°–40°, and the step size was 0.02°. Peak fitting was performed with the fitting software 185 

SmartLab Studio II (Rigaku Co. Ltd.) with three pseudo-Voigt functions to obtain the peak 186 

positions, peak heights, half-widths, and crystal sizes from the (110), (110), and (020) peaks. 187 

Results and discussion 188 

Long-term single-cycle posttreatments 189 

Fig. 3 shows the proportions of the crystalline regions, accessible surfaces, and 190 

inaccessible surfaces/amorphous regions of the samples after the long-term single-cycle 191 

posttreatments; the data were calculated by deconvoluting the C4 resonance line of each 13C 192 

CP/MAS NMR spectrum. The crystallinities of the samples increased during posttreatment for up 193 
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to 8 h but did not change with further treatment. This suggested that in the case of a long-term 194 

single-cycle posttreatment, the improvement in crystallinity was limited even with longer 195 

posttreatment times. The maximum crystallinity achieved was 59%, which was approximately 196 

10% greater than the crystallinity of the initial cellulose II powder. In terms of the surface area, 197 

the proportion of inaccessible surface/amorphous regions decreased with increasing crystallinity. 198 

This result confirmed our previously reported mechanism in which inaccessible surface regions 199 

were converted into crystalline regions by rearrangement of the cellulose molecules, ultimately 200 

increasing their crystallinity. During the posttreatment process, the following changes were 201 

observed within the cellulose fibrils. First, rearrangement of the cellulose molecules occurred on 202 

the inaccessible surfaces, and as previously noted, crystallization and growth occurred from the 203 

boundaries between the crystalline and inaccessible surface regions. When all accessible surfaces 204 

were completely rearranged, the crystallinities of the fibrils did not increase further, even after 205 

longer posttreatment times. When the maximum crystallinity was achieved, the accessible and 206 

inaccessible surfaces expanded alternately. This observation suggested that NaOH did not 207 

penetrate the crystalline regions during the posttreatment process; instead, it penetrated only the 208 

amorphous regions, thereby affecting the rearrangement of cellulose molecules only in these 209 

regions. 210 

 211 
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(Figure 3) 212 

Fig. 4 shows the crystal sizes of the samples obtained after long-term single-cycle 213 

posttreatment, as determined by XRD measurements. The crystal sizes of the samples increased 214 

by approximately 10%–20% for each plane over the course of 2–8 h but did not increase further 215 

during longer posttreatments. The NMR and XRD results were consistent, at least in terms of 216 

their trends. 217 

In general, high concentrations (20%–25%) of the NaOH aqueous solution must be used 218 

for mercerization at room temperature (24 °C); a 10% NaOH solution cannot be used for this 219 

purpose. As shown by this behavior, the NaOH in a 10 wt% NaOH solution did not penetrate the 220 

crystalline regions but did penetrate the inaccessible surface regions. However, a certain amount 221 

of time was required for NaOH to penetrate all areas of the inaccessible regions. These results 222 

also clearly demonstrated that the long-term single-cycle posttreatment increased the maximum 223 

crystallinity by no more than approximately 10%. 224 

 225 

(Fig. 4) 226 

Multicycle posttreatments 227 
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 Fig. 5 shows the proportions of crystalline regions, accessible surfaces, and inaccessible 228 

surfaces/amorphous regions determined by fitting of the C4 resonance lines in the 13C CP/MAS 229 

NMR spectra of the samples subjected to multiple posttreatment cycles. The crystallinities of the 230 

samples increased over up to three posttreatment cycles, reaching a maximum value of 69%. This 231 

value was 20% greater than that of the initial cellulose II powder and 10% greater than that of the 232 

sample subjected to one long-term posttreatment cycle. These findings confirmed the 233 

effectiveness of multiple posttreatment cycles in improving the crystallinity of cellulose II and 234 

verified the accuracy of our proposed mechanism for the improved crystallinity. In terms of 235 

surface area, the proportion of inaccessible surface/amorphous regions decreased with increasing 236 

crystallinity up to the third posttreatment cycle. This result also verified the accuracy of our 237 

proposed mechanism for improving the crystallinity, in which the inaccessible surfaces penetrated 238 

by NaOH underwent crystallization. After the maximum crystallinity of cellulose II was achieved 239 

in the fourth to ninth posttreatment cycles, no significant change in the crystallinity was observed. 240 

This was attributed to the following characteristics. Crystallization on the inaccessible surfaces 241 

could only occur in the amorphous regions. As the number of amorphous regions was decreased 242 

by multiple treatment cycles, the inaccessible surface regions at which crystallization could 243 

proceed gradually diminished, and the improvement in crystallinity was saturated. After reaching 244 
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saturation, a slight decrease in crystallinity occurred from the seventh cycle onwards, suggesting 245 

the possibility of minor crystallinity degradation.  246 
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 247 

(Fig. 5) 248 

Fig. 6 shows the crystal sizes determined from the XRD profiles of samples obtained 249 

with multiple posttreatment cycles, and Fig. S1 shows the XRD profiles of the mercerized initial 250 

cellulose II and the samples obtained after one to three posttreatment cycles. When up to three 251 

cycles were performed, the crystal sizes increased in all planes as the number of posttreatment 252 

cycles increased. This was confirmed by the decreased peak width in the XRD profile shown in 253 

Fig. S1, which indicated that the crystal sizes increased with increasing crystallinity, as estimated 254 

from the solid-state 13C CP/MAS NMR spectra. The crystal sizes of the samples obtained after 255 

multicycle posttreatment were larger than those of the samples obtained after a single long-term 256 

posttreatment cycle. This was consistent with the fact that the crystallinities estimated from the 257 

solid-state 13C CP/MAS NMR spectra were greater for samples subjected to multiple 258 

posttreatment cycles than for those subjected to a single long-term posttreatment cycle. After the 259 

seventh cycle, when the crystallinity decreased, as shown in Fig. 5, the intensity of the peak for 260 

the hydrophobic (110) plane decreased slightly, while those of the (020) and hydrophilic (110) 261 

planes increased. This suggested that the orientations of the molecular chains may have changed 262 

slightly. 263 

 264 
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(Fig. 6) 265 

Crystallinity improvement in cellulose II fibers following multicycle posttreatment 266 

Fig. 7 shows the proportions of crystalline regions, accessible surfaces, and inaccessible 267 

surfaces/amorphous regions determined from fitting the C4 resonance lines in the 13C CP/MAS 268 

NMR spectra of Fortisan, Rayon, and Polynosic after multicycle posttreatment. The crystallinities 269 

of the Fortisan samples increased up to the second posttreatment cycle and did not significantly 270 

improve with additional posttreatment cycles. The crystallinity improvement in this sample was 271 

approximately 15%. The crystallinities of the Rayon samples also increased up to the third 272 

posttreatment cycle, an improvement of approximately 25%. The crystallinities of the Polynosic 273 

samples improved after up to the fourth posttreatment cycle by approximately 36%. These results 274 

showed that multiple posttreatment cycles improved the crystallinities of the cellulose II fibers. 275 

In all multicycle posttreatments, the proportion of inaccessible surfaces/amorphous regions 276 

decreased as the sample crystallinity improved, similar to the behavior of the mercerized cellulose 277 

II powder. In other words, the mechanisms for crystallinity improvement via multicycle 278 

posttreatment appeared to be similar, regardless of the shape of the cellulose II sample. 279 
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 280 

(Fig. 7) 281 

Fig. 8 shows the crystal sizes of Fortisan and Rayon after multiple cycles and 282 

posttreatment, as determined via XRD. Polynosic had smaller fiber widths than the other cellulose 283 

II fiber samples and experienced greater deformation due to shrinkage after multiple cycles. 284 

Consequently, arranging yarns of polynosic in the measurement container used for XRD proved 285 

challenging, leading to gaps that hindered the XRD measurements. As a result, only NMR 286 

measurements were performed for Polynosic, and the XRD measurements were omitted. The 287 

crystal sizes of the hydrophobic (110) plane increased significantly. Hydrophobic interactions 288 

have been reported to play important roles in sheet stacking of cellulose II crystals 18. Although 289 

the crystal sizes in all planes of the cellulose II powder increased after multiple posttreatment 290 

cycles, they increased in a specific direction, that is, in the hydrophobic plane direction, in the 291 

case of cellulose II fibers with high orientation. 292 

 293 

(Fig. 8) 294 

Multicycle posttreatment with neutralization using various concentrations of H2SO4 295 

solutions 296 
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In a series of multicycle posttreatments, the low-concentration alkali treatment and 297 

neutralization treatment with a H2SO4 aqueous solution were repeated. Repeated neutralization 298 

may have improved the crystallinity of cellulose II. Thus, to evaluate this effect, multiple 299 

posttreatment cycles, including neutralization with 0 (deionized water), 5, 10 (same as in Fig. 5), 300 

and 20 vol% H2SO4 solutions, were performed. As shown in Fig. 5, the crystallinity of the 301 

cellulose II continuously improved up to the third posttreatment cycle when a 10 vol% H2SO4 302 

solution was used for neutralization. Therefore, multiple posttreatment cycles with H2SO4 303 

solutions of different concentrations were performed for up to three cycles. Fig. 9 shows the 304 

proportions of the crystalline regions, accessible surfaces, and inaccessible surfaces/amorphous 305 

regions of the samples obtained after multiple cycles posttreatment. The crystallinity of the 306 

sample subjected to a single posttreatment improved the most when a 20 vol% H2SO4 solution 307 

was used, which was consistent with our previous report 12. However, the crystallinity of the 308 

sample subjected to two posttreatment cycles decreased, and that of the sample subjected to three 309 

posttreatment cycles was identical to that of the sample subjected to one posttreatment cycle. The 310 

use of a 20 vol% H2SO4 solution for neutralization led to hydrolysis of the crystalline regions 311 

after two posttreatment cycles, which suggested that some parts of the inaccessible surface were 312 

less crystallizable than others. On the other hand, multiple posttreatment cycles including 313 

neutralization with 0, 5, or 10 vol% H2SO4 solution led to continuous improvements in the 314 
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crystallinity for up to three posttreatment cycles. Furthermore, higher crystallinities were 315 

observed when 5 and 10 vol% H2SO4 solutions were used than when a 0% H2SO4 solution was 316 

employed. This suggested that the use of a low-concentration H2SO4 solution for neutralization 317 

improved the crystallinity during multiple posttreatment cycles. 318 

 319 

(Fig. 9) 320 

Multicycle posttreatments with varying treatment times in the second to fourth cycles 321 

Multicycle posttreatments of the cellulose II powder were performed with treatment 322 

times varying from 2 to 12 h in the second to fourth cycles to evaluate the effect of the 323 

posttreatment time in each cycle. Fig. 10(a) shows the proportions of crystalline regions, 324 

accessible surfaces, and inaccessible surfaces/amorphous regions for samples that underwent the 325 

first posttreatment cycle for 2 h and the second posttreatment cycle for 2–12 h. The crystallinities 326 

of the samples increased up to 2 h but did not improve during subsequent posttreatments. The 327 

maximum crystallinity achieved was 63%, which was higher than that of the sample obtained 328 

after a single posttreatment cycle for 2 h. Figs. 10(b) and 10(c) show the proportions of the 329 

crystalline regions, accessible surfaces, and inaccessible surfaces/amorphous regions for samples 330 

that underwent multiple posttreatment cycles for 2 h in the first and second cycles and 2–12 h in 331 
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the third cycle and samples that underwent multiple posttreatment cycles for 2 h in the first to 332 

third cycles and 2–12 h in the fourth cycle, respectively. As demonstrated in Fig. 10(b), during 333 

the three posttreatment cycles, the crystallinities of the samples increased up to 2 h, after which 334 

they were not affected by further posttreatment. The maximum crystallinity achieved was 69%, 335 

which was higher than those of the samples obtained after one and two posttreatment cycles. The 336 

crystallinities of the samples subjected to four posttreatment cycles for varying treatment times 337 

differed from those of the previous samples. As shown in Fig. 10(c), the crystallinities of the 338 

samples did not increase significantly after four posttreatment cycles. The maximum crystallinity 339 

achieved was 69%, which was identical to those of the samples subjected to multiple 340 

posttreatment cycles, as depicted in Fig. 5, and those of the samples subjected to three 341 

posttreatment cycles for varying treatment times, as shown in Fig. 10(b). This indicated that there 342 

was an upper limit to crystallinity improvement and that once this limit was reached, further 343 

repeated or prolonged posttreatments did not lead to additional improvements. These findings 344 

suggested that there were surface regions that were difficult to crystallize or difficult to reach with 345 

NaOH. In addition, our previous report 12 showed that crystallinity was greatly enhanced by 346 

posttreatments at temperatures higher than room temperature, and the most significant 347 

improvement in crystallinity was achieved with posttreatment at 80 °C for 2 h and subsequent 348 

neutralization at room temperature, which resulted in a crystallinity of 62.7%. In comparison, in 349 
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this study, an upper limit was observed for crystallinity improvement, and the crystallinity at this 350 

limit was 69%. A significant improvement in crystallinity was achieved by optimizing the 351 

posttreatment time even at room temperature. 352 

 353 

(Fig. 10) 354 

Mechanism for crystallinity improvement during multiple posttreatment cycles  355 

The experimental results confirmed that the inaccessible surface regions were converted 356 

into crystalline regions after each posttreatment cycle. Fig. 11 provides a schematic diagram 357 

showing the mechanism for crystallinity improvements during multiple treatment cycles, and the 358 

bottom part of Fig. 11 shows the structural changes occurring in a single-crystal region. In the 359 

first posttreatment cycle, NaOH penetrated only the inaccessible surfaces of the initial structure, 360 

and crystallization occurred on the inaccessible surfaces that NaOH penetrated. In the second and 361 

subsequent posttreatment cycles, NaOH penetrated only the inaccessible surfaces enlarged by the 362 

previous posttreatment cycle and converted them into crystalline regions. Consequently, the 363 

crystal sizes increased with each posttreatment cycle, and ultimately, crystallization occurred 364 

even in distant amorphous regions beyond the limit of the crystal sizes observed in the first 365 

posttreatment cycle. This feature explains why the crystallinity was improved more by multiple 366 
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posttreatment cycles than by a single long-term posttreatment. However, after two posttreatment 367 

cycles with a concentrated H2SO4 solution used for neutralization, the crystallinity of the sample 368 

decreased. Furthermore, an upper limit was observed for the improvements in crystallinity; once 369 

this limit was reached, additional or prolonged posttreatments did not improve the crystallinity of 370 

the sample. These results suggested that cellulose II contained inaccessible surface regions that 371 

were difficult to crystallize. 372 

 373 

(Fig. 11) 374 

Highly efficient posttreatment method for increased crystallinity 375 

 With more posttreatment cycles, more NaOH solution was used for posttreatment and 376 

more deionized water was utilized for washing. Thus, reaching the upper limit for crystallinity 377 

with fewer posttreatment cycles is important in optimizing the production of high-crystallinity 378 

cellulose II and mitigating the environmental impact. The experimental results showed that both 379 

the three-cycle and the 8 h single-cycle posttreatments led to the greatest improvements in 380 

crystallinity. Based on these results, an ideal and efficient process for crystallinity improvement 381 

was realized by optimizing the treatment time and number of posttreatment cycles. For this 382 

purpose, the total posttreatment time was divided into several cycles of 6, 8, and 10 h. In the 383 

following discussion, the samples obtained after multiple posttreatment cycles for various 384 
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treatment times were labeled according to the treatment time for each cycle. For example, a 385 

sample obtained after three posttreatment cycles for a total time of 6 h, with each cycle performed 386 

for 2 h, is denoted as 6 h (2-2-2). Fig. 12 shows the proportions of crystalline regions, accessible 387 

surfaces, and inaccessible surfaces/amorphous regions for samples prepared with a total 388 

posttreatment time of 6 h, and Figs. S2(a) and S2(b) present the proportions of each region for 389 

samples prepared with total posttreatment times of 8 and 10 h, respectively. Fig. 12 shows that 390 

the 6 h (4-2) sample had the highest crystallinity among the samples prepared with a total 391 

posttreatment time of 6 h. Fig. S2(a) shows that the 8 h (4-4) sample had the highest crystallinity 392 

among the samples prepared with a total posttreatment time of 8 h. The 8 h (6-2) sample had 393 

higher crystallinity than the 8 h (2-6) sample. Fig. S2(b) reveals that the 10 h (6-4) sample had 394 

the highest crystallinity among the four samples obtained after two posttreatment cycles with 395 

various treatment times. Furthermore, the 10 h (8-2) sample had a higher crystallinity than the 10 396 

h (2-8) and 10 h (4-6) samples. These results confirmed that when the posttreatment time for the 397 

first cycle was sufficiently long and the posttreatment time for the second cycle was relatively 398 

short, the crystallinity of the sample tended to increase with fewer posttreatment cycles. The 399 

conversion of inaccessible surface regions during the first posttreatment cycle is believed to play 400 

a crucial role in obtaining highly crystalline samples. A possible explanation for this tendency is 401 

that a longer first posttreatment cycle converted a wider area of the inaccessible surface into a 402 
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crystalline region, and the second posttreatment cycle converted this enlarged inaccessible region 403 

into a crystalline region. In previous studies 10,11, posttreatment with a 12 wt% NaOH aqueous 404 

solution for 2 h at 4 °C was repeated four or five times. On the other hand, in this study, substantial 405 

improvement was achieved in the crystallinity of cellulose II with two cycles by adjusting the 406 

posttreatment time. 407 

 408 

(Fig. 12) 409 

Conclusions 410 

 In this study, the mechanism underlying the improvement in crystallinity after low-411 

concentration alkali treatment was elucidated by tracking the structural changes, primarily in the 412 

surface regions. The crystallinity of cellulose II was improved by up to approximately 10% during 413 

a single long-term posttreatment and up to approximately 20% during multicycle posttreatment. 414 

Thus, multicycle posttreatment was more effective than single-cycle posttreatment for improving 415 

the crystallinity of cellulose II. During multicycle posttreatment, the crystallinities and crystal 416 

sizes were improved after each cycle, and the proportion of inaccessible surfaces/amorphous 417 

regions decreased as the crystallinity increased. This was explained by the following mechanism: 418 

in the second and subsequent posttreatment cycles, rearrangement of the cellulose occurred only 419 

at the inaccessible surface expanded by the previous posttreatment cycle, and crystallization 420 



27 

 

proceeded toward amorphous regions far from the initial crystalline regions. In this mechanism, 421 

the NaOH in a 10 wt% NaOH solution penetrated only the inaccessible surface regions during the 422 

posttreatment, and the rearrangement of cellulose occurred only in these regions. Moreover, we 423 

confirmed that when the treatment time for the first posttreatment cycle was relatively long and 424 

that for the second posttreatment cycle was somewhat shorter, the crystallinity was increased even 425 

with fewer posttreatment cycles. The mechanism elucidated in this study explains this observation 426 

as follows: the longer first posttreatment cycle converted a wider area of the inaccessible surface 427 

into a crystalline region, and the second cycle converted this enlarged inaccessible surface region 428 

into a crystalline region. In addition, we believe that this mechanism is applicable for the 429 

fabrication of high-strength cellulose II materials because posttreatment improved the 430 

crystallinities of cellulose II fibers.  431 
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Figure captions 510 

Fig. 1. (a) Suggested model for cellulose II 12. (b) Schematic images of the anticipated crystallinity 511 

improvement mechanisms for a long-term, single-cycle posttreatment and multiple posttreatment 512 

cycles. In the long-term, single-cycle posttreatment, the area transformed into crystals (pink line) 513 

was limited. After the crystallinity was improved to some extent, further increases in the treatment 514 

time was not expected to lead to additional improvements in the crystallinity. During multicycle 515 

posttreatment, further crystallization was expected to progress from the expanded inaccessible 516 

surface regions in the previous cycle. Crystals were expected to accumulate with each 517 

posttreatment cycle, thereby enhancing the crystallinity compared to that achievable with a long-518 

term, single-cycle posttreatment. 519 

Fig. 2. Deconvolution of the solid-state 13C CP/MAS NMR C4 resonance of dry cellulose II.12 520 

Fig. 3. Proportions of crystalline regions (blue line), accessible surfaces (orange line), and 521 

inaccessible surfaces/amorphous regions (green line) determined from the 13C CP/MAS NMR 522 

spectra of cellulose fibrils subjected to a long-term single-cycle posttreatment. 523 

Fig. 4. Crystal sizes in the (110) (gray line), (110) (purple line), and (020) (pink line) planes 524 

estimated from the X-ray diffraction profiles of cellulose II after a long-term single-cycle 525 

posttreatment. 526 

Fig. 5. Proportions of crystalline regions (blue line), accessible surfaces (orange line), and 527 

inaccessible surfaces/amorphous regions (green line) evaluated from the solid-state 13C CP/MAS 528 

NMR spectrum of cellulose II after multiple posttreatment cycles. 529 

Fig. 6. Crystal sizes in the (110) (gray line), (110) (purple line), and (020) (pink line) planes 530 

estimated from the XRD profiles of cellulose II after multicycle posttreatment. 531 

Fig. 7. Proportions of the crystalline regions (blue line), accessible surfaces (orange line) and 532 

inaccessible surfaces/amorphous regions (green line) of (a) Fortisan, (b) Rayon, and (c) Polynosic 533 

after multicycle posttreatment. 534 

Fig. 8. Crystal sizes in the (110) (gray line), (110) (purple line), and (020) (pink line) planes 535 

estimated from the XRD profiles of (a) Fortisan and (b) Raymond following multicycle 536 

posttreatment. 537 
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Fig. 9. Proportions of crystalline regions (blue line), accessible surfaces (orange line), and 538 

inaccessible surfaces/amorphous regions (green line) evaluated from the 13C CP/MAS NMR 539 

spectra of samples obtained after multiple posttreatment cycles involving neutralization with (a) 540 

0% (water) and (b) 5 vol%, (c) 10 vol%, and (d) 20 vol% H2SO4 solutions. 541 

Fig. 10. Proportions of the crystalline regions (blue line), accessible surfaces (orange line), and 542 

inaccessible surfaces/amorphous regions (green line) evaluated from the 13C CP/MAS NMR 543 

spectra of samples that underwent (a) two-, (b) three- and (c) four-cycle posttreatments with 544 

treatment times varying from 2 to 12 h. 545 

Fig. 11. Schematic diagram showing the mechanism for crystallinity improvement with multiple 546 

posttreatment cycles of low-concentration NaOH. The bottom part of Fig. 11 shows the structural 547 

changes focused on a single crystal. In subsequent posttreatments after the second posttreatment 548 

cycle, NaOH permeated only the inaccessible surface enlarged by the previous posttreatment 549 

cycle and converted it into a crystalline region. Consequently, the crystal sizes increased with 550 

each posttreatment cycle. The crystallinity continued to improve until reaching the upper limit. 551 

Fig. 12. Proportions of crystalline regions (blue bars), accessible surfaces (orange bars), and 552 

inaccessible surfaces/amorphous regions (green bars) as evaluated from the 13C CP/MAS NMR 553 

spectra of samples obtained via multiple posttreatment cycles with a total posttreatment time of 6 554 

h. When the posttreatment time for the first cycle was sufficiently long and the posttreatment time 555 

for the second cycle was relatively short, the crystallinity tended to increase with fewer 556 

posttreatment cycles. 557 

 558 

  559 
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Graphical Abstract 560 

The study on the improvement of the crystallinity of cellulose II by post-treatment with 561 

dilute NaOH solution showed that the crystallinity was significantly improved by post-treatment 562 

with multiple cycles. The NaOH in an aqueous NaOH solution penetrated only inaccessible 563 

surface regions, and cellulose rearrangement occurred only in these regions during post-treatment, 564 

improving crystal size. In the second and subsequent posttreatment cycles, cellulose 565 

rearrangement occurred only at the inaccessible surfaces expanded during the previous post-566 

treatment cycle, crystallization progressed toward amorphous regions away from the initial 567 

crystalline regions.  568 


