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1. Introduction 12 

Chitin, a long-chain polysaccharide consisting of β-(1,4)-linked N-acetyl 13 

anhydroglucosamine units, is the second most abundant biopolymer on Earth after cellulose 14 

[1]. Chitin has a hierarchical structure based on chitin nanofibers (ChNFs), which has 15 

attracted research interest in materials engineering [2–4]. Although chitin powder is insoluble 16 

in water, ChNFs can be dispersed homogeneously in water, which makes them easy to handle 17 

and shape into desired forms [5–7]. There are two types of chitin, namely, α-chitin and β-18 

chitin, which have different crystalline structures [8,9]. β-Chitin consists of parallel 19 

molecular chains without significant hydrogen bonding between intermolecular sheets [10–20 

12]; therefore, β-chitin powder can be easily disintegrated into nanofibers (NFs) [13,14]. In 21 

contrast, α-chitin consists of antiparallel molecular chains with hydrogen bonds between the 22 

chains [8], which makes it difficult to disintegrate α-chitin powder into NFs [15]. As a result, 23 

the physicochemical properties, such as transmittance and viscosity, of α-ChNF dispersions 24 

cannot be varied as widely as those of β-ChNF dispersions [16,17]. However, α-chitin, which 25 

is obtained industrially from the exoskeletons of crustaceans, has a higher natural abundance 26 

than β-chitin [18,19]. Therefore, to utilize α-chitin effectively, it is necessary to realize 27 

control of the physicochemical properties α-ChNF dispersions, as is possible for β-ChNF 28 

dispersions. For example, studies on β-ChNFs have shown that thin NFs with narrow 29 

distributions provide dispersions with high transmittances and high viscosities [16]. 30 

To control the physicochemical properties of α-ChNF dispersions, it is necessary to 31 

weaken the strong hydrogen bonds between the chitin molecular chains. It has been reported 32 

that the deacetylation of chitin by alkaline treatment can weaken the interchain hydrogen 33 

bonding interactions. In nature, 95% of the groups at the C-2 position of α-chitin are 34 

acetoamide groups with the other 5% being amino groups; this corresponds to a degree of 35 
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acetylation (DA) of 95%. Fan et al. prepared partially deacetylated chitin, with a DA of 70–36 

74%, by alkaline treatment [20]. Thereafter, the amine groups were cationized by adding 37 

acid. Owing to electrostatic repulsion between the molecular chains of the cationized chitin, 38 

disintegration of the α-chitin powder into NFs proceeded easily by sonication for 1 min. 39 

However, as the range of reported DAs (70–74%) is limited, the effect of DA on the 40 

physicochemical properties of α-ChNFs has not been clearly established.  41 

In addition, it is difficult to establish the exact effect of deacetylation on the 42 

properties of ChNFs because it is difficult to control the concentration of insoluble ChNFs in 43 

water. As chitin powder consists of NF bundles, deacetylation proceeds from the surface of 44 

the NFs. Therefore, the deacetylated part, namely, the part containing amino groups, is 45 

dissolved by acid treatment. In this case, at a fixed amount of loaded chitin, the net amount of 46 

ChNFs is affected by dissolution. However, the physicochemical properties of ChNFs are 47 

dependent on the number of dispersed NFs, not dissolved NFs. Therefore, in this work, α-48 

chitin with different DAs was prepared by varying the deacetylation treatment time. Then, to 49 

determine the exact amount of ChNFs, we weighed the solid residues after acid treatment and 50 

then prepared dispersions of the ChNFs with different DAs at a constant concentration to 51 

evaluate the physicochemical properties. Furthermore, as the width and the distribution of 52 

NFs affect transmittance and viscosity, a simple method for estimating the average NF width 53 

at different DAs was suggested.  54 

 55 

2. Materials and methods 56 

2.1 Materials and preparation of ChNFs 57 

α-Chitin powder with a DA of 95% and particle sizes of ≤100 µm was purchased 58 

from Nacalai Tesque Inc. (Kyoto, Japan). The preparation of ChNFs at different DAs was 59 

conducted as summarized in Fig. 1. α-Chitin powder (4 wt%) was suspended in 12 mol/L 60 
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NaOH aqueous solution and deacetylated for 6–340 h at 70°C. After the deacetylation 61 

treatment, the sample was centrifuged (MX-305, Tomy Seiko Co., Ltd., Tokyo, Japan) at 62 

7,500 × g at room temperature for 5 min and the supernatant was removed. The obtained 63 

deacetylated chitin powder was washed using centrifugation at 7,500 × g for 5 min and 64 

decantation using distilled water. The partially deacetylated chitin was mixed with 0.1 mol/L 65 

acetic acid aqueous solution and then separated into soluble and insoluble parts using 66 

centrifugation at 7,500 × g for 5 min.  67 

In the presence of acetic acid, the amino groups in chitin are protonated, resulting in 68 

electrostatic repulsion between the NFs. Therefore, we believe that the ratio between the 69 

amino groups in chitin and acetic acid is important. In accordance with a previous study [16], 70 

we have defined the acidity as follows: 71 

Acidity [mol/mol] = amount of acetic acid [mol]/ 72 

number of amino groups in chitin [mol]    (1) 73 

In this work, all experiments were conducted at an acidity of 0.9. We previously studied the 74 

effect of acidity on the physicochemical properties of α-chitin nanofiber dispersions [16]. In 75 

that work, we confirmed that transmittance and viscosity increased with acidity until a value 76 

of 0.9, and these factors did not change largely above 0.9. Therefore, we chose an acidity of 77 

0.9 in this study. 78 

We evaluated the weight change of chitin after the acetic acid treatment as follows: 79 

Weight change [%] = weight of insoluble chitin after acetic acid treatment [g] / 80 

weight of chitin before acetic acid treatment [g] × 100.   (2) 81 

The acetic-acid-insoluble part, namely, the solid residue, was weighed and then used 82 

as deacetylated chitin to prepare ChNF dispersions. After suspension of the deacetylated 83 

chitin (1 wt%) in distilled water, disintegration into NFs was performed using a Star Burst 84 

system (Star Burst Mini, Sugino Machine Co., Ltd., Uozu, Japan). The solid residue can be 85 
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converted to nanofibers completely by the Star Burst system, and the details of the 86 

disintegration process was described in our previous report [16]. In brief, the suspension was 87 

pressurized at approximately 75 MPa and the number of collisions with the ceramic ball was 88 

set between 1 and 10 (i.e., 1–10 passes). For chitin with a DA of 95%, namely, unmodified 89 

chitin, the pressure was set at 235 MPa because disintegration into NFs did not proceed at 75 90 

MPa. 91 

2.2 Elemental analysis for DA evaluation 92 

To evaluate the DA, the amounts of nitrogen and carbon in unmodified and 93 

deacetylated chitin were measured using an elemental analyzer (SUMIGRAPH NC-1000, 94 

Sumika Chemical Analysis Service, Ltd., Osaka, Japan). Acetanilide was used as a reference 95 

material. Chitin consists of N-acetyl glucosamine units, which have a carbon/nitrogen ratio of 96 

8:1, and glucosamine units, which have a carbon/nitrogen ratio of is 6:1. Therefore, the DA 97 

was calculated using the following equation: 98 

DA = (C/N − 6)/2 × 100,      (3) 99 

where C is the moles of carbon and N is the moles of nitrogen. For the N-acetyl glucosamine 100 

unit, which has a C/N of 8, the DA is 100%, as calculated by eq. (3). For the glucosamine 101 

unit, which has a C/N of 6, the DA is 0%. The DA was determined using the deacetylated 102 

chitin powder and solid residue, as shown in Fig. 1. 103 

2.3 Field-emission scanning electron microscopy (FE-SEM) 104 

To prepare the FE-SEM samples, the dispersion of ChNFs in water was diluted with 105 

tert-butyl alcohol and then precipitated by centrifugation at 20,000 × g at room temperature 106 

for 5 min. After repeating this process several times, the supernatant was changed from water 107 

to tert-butyl alcohol. The precipitated sample was frozen in a glass bottle and dried under 108 

vacuum conditions (0.02 MPa) for a few hours. The dried and deacetylated ChNFs were 109 

coated with an osmium layer (~2 nm thick) using an osmium coater (Neoc-STP, Meiwafosis 110 
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Co., Ltd., Tokyo, Japan). The sample was observed using a field-emission scanning electron 111 

microscope (S-5000, Hitachi Co., Ltd., Tokyo, Japan) operated at 5.0 kV. A histogram of the 112 

ChNF widths was constructed from several FE-SEM images using the Image-J software 113 

(NIH, Bethesda, MD, USA). 114 

2.4 Fourier transform infrared (FT-IR) spectroscopy 115 

The deacetylated chitin powders were blended with potassium chloride and 116 

converted into pellets using a mini hand-press machine (MHP-1, Shimadzu Co., Ltd., Kyoto, 117 

Japan). FT-IR spectra of the pellets were recorded using an FT-IR spectrometer (FT/IR 4200, 118 

Jasco Co., Ltd., Tokyo, Japan) from 500 to 4000 cm−1, with 4 cm−1 resolution and 32 scans. 119 

To evaluate the DA, FT-IR spectra of unmodified and deacetylated chitin powders 120 

(not blended with potassium chloride) were measured using an FT-IR spectrometer 121 

(IRPrestige21, Shimadzu Co., Ltd., Kyoto, Japan) equipped with an attenuated total reflection 122 

(ATR) unit (DuraSamplIR II, Smiths Detection Inc., London, UK) from 600 to 4000 cm−1, 123 

with 4 cm−1 resolution and 40 scans. The DA was calculated by using the following equation 124 

[21]: 125 

DA = (A1320/A1420 − 0.3822)/0.03133 × 100,   (4) 126 

where A1320 and A1420 are the absorbance values measured at 1320 and 1420 cm–1, which 127 

correspond to the stretching and bending vibrations of amide III and CH2 groups, 128 

respectively. Their magnitudes were determined via the baseline method proposed in a 129 

previous study [21]. 130 

2.5 Optical transmittance 131 

The ChNF dispersions (1 wt%) were loaded into quartz cuvettes. The transmittance 132 

was measured in the range 200–700 nm at 25°C using a spectrophotometer (V530, Jasco Co., 133 

Ltd., Tokyo, Japan) with distilled water as the blank. The transmittance at 600 nm was used to 134 

compare different conditions. 135 
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2.6 Viscoelastic measurements 136 

The ChNF dispersions were loaded into 50 mL glass bottles. After stirring at 2000 137 

rpm for 1 min, the samples were defoamed at 2000 rpm for 1 min using a mixer (ARE-250, 138 

Thinky Co., Ltd., Tokyo, Japan). The deformed ChNF dispersions were placed in a 139 

thermostat chamber filled with water at 25 °C, and the viscosity was measured with a 140 

Brookfield viscometer (DV-1 Prime, Brookfield Engineering Laboratories Inc., Middleboro, 141 

MA, USA). A #64 spindle was used at viscosities above 1000 mPa s, whereas a #62 spindle 142 

was used at viscosities below 1000 mPa s. First, the rotating speed was increased to 30, 50, 143 

and 100 rpm, and the viscosity at 600 s was used to compare the different conditions. Then, 144 

the rotating speed was decreased to 50 and 30 rpm, and the viscosity at 300 s was used to 145 

compare the different conditions. 146 

 147 

3. Results  148 

3.1 Deacetylation of chitin powder 149 

We compared the DA values obtained by the elemental analysis and FT-IR 150 

spectroscopy (Fig. S1). For the untreated chitin powder, the DA obtained by the the elemental 151 

analysis was 95% by and that obtained by the FT-IR spectroscopy was 94%. For the 152 

deacetylated chitin powder after 18 h of the NaOH aqueous solution treatment, the DA was 153 

59% (elemental analysis) and 60% (FT-IR spectroscopy). Therefore, these results indicate 154 

that the DA is accurate. The DA obtained by the elemental analysis will be shown hereafter. 155 

Fig. 2 shows the relationship between the NaOH aqueous solution treatment time 156 

and the DA of the deacetylated chitin powder and solid residue shown in Fig. 1. Over the first 157 

6 h, the DA of the deacetylated chitin powder decreased quickly from 95% to 70% and then 158 

decreased more gradually, reaching 10% after 270 h. The change in the deacetylation reaction 159 

rate observed at ~70% probably occurred because deacetylation proceeds gradually from the 160 
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surface to the interior of the ChNFs, as will be discussed later. The DA of the solid residue 161 

are higher than that of the deacetylated chitin powder, which was probably due to the 162 

elimination of deacetylated surfaces by the acid treatment, as will be discussed later. 163 

Hereafter, we consider the results obtained by using the DA value of the deacetylated chitin 164 

powder.  165 

Fig. 3 shows the weight change of the deacetylated chitin powder after the acetic 166 

acid treatment. The weight of the chitin powder decreased with the decrease in DA, reaching 167 

56% at a DA of 35%. As the deacetylated part of the chitin powder was dissolved in acetic 168 

acid, the amount dissolved in acetic acid increased with decreasing DA. 169 

The effects of DA on the FT-IR spectra of the deacetylated chitin powder are shown 170 

in Fig. 4. The peak at 3300 cm−1 is derived from N–H stretching, the peaks at 1655 and 1630 171 

cm−1 are amide I bands, and the peak at 1550 cm−1 is an amide II band [21]. The 172 

transmittances of these peaks decreased with decreasing DA, probably because of the change 173 

from –NH–COCH3 to –NH2 at C-2 in chitin with decreasing DA [22,23]. 174 

3.2 Effect of DA on ChNF width 175 

FE-SEM images and the width distributions of the ChNFs at different DAs are 176 

shown in Figs. 5–7. At a DA of 95% (Fig. 5), the average and standard deviation of the ChNF 177 

width after 10 passes were 34 nm and 24 nm, respectively. The ChNF widths within 10 178 

passes were greater (data not shown). In our previous study, an increased pass time resulted 179 

in decreased ChNF widths because of an increase in the kinetic energies imparted to the NF 180 

bundles [16,24]. 181 

At a DA of 66% (Fig. 6), the average ChNF widths after 1 and 2 passes were similar 182 

(~30 nm); however, the average width decreased to 18 nm after 10 passes. At a DA of 35% 183 

(Fig. 7), the average width was only 20 nm after 1 pass, and it decreased slightly to ~18 nm 184 

after 2 and 10 passes. This result indicates that at lower DAs, it becomes easier to form thin 185 
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NFs from chitin, and a decrease in the NF width can be achieved within a few passes.  186 

3.3 Effect of DA on the transmittance of ChNF dispersions 187 

The effect of DA on the transmittance of the ChNF dispersions is shown in Fig. 8. At 188 

a DA of 95%, the transmittance was 0%, even after 10 passes. At a DA of 66%, the 189 

transmittance was 0% after 1 and 2 passes; however, it increased to 18% after 5 passes and 190 

49% after 10 passes. At a DA of 52%, even 1 and 2 passes increased the transmittance, with 191 

the transmittance reaching 31% after 5 passes and 56% after 10 passes. At a DA of 46%, the 192 

transmittance was 29% after 1 pass and it reached 67% after 10 passes. At a DA of 35%, the 193 

transmittance reached 57% after 1 pass and 67% after 10 passes. At a DA of 20%, the 194 

transmittance was not greatly affected by the number of passes (64% and 69% after 1 pass 195 

and 10 passes, respectively). From these results, as the DA decreased, few passes were 196 

required to increase the transmittance of the ChNF dispersions. 197 

From our previous research, the transmittance of ChNF dispersions increased with 198 

decreasing NF width, even at a DA of 95% [16]. NFs with a narrow width distribution 199 

resulted in high transmittance because the homogeneous structure inhibits multiple scattering. 200 

In this work, at lower DAs, the NF width could be decreased with fewer passes, as shown by 201 

the FE-SEM observations in Fig. 5–7. Therefore, the increase in transmittance with 202 

decreasing NF width was controlled by the DA.  203 

Interestingly, the maximum transmittance was ~70%, regardless of the DA or 204 

number of passes. As shown in Fig. 7 for a DA of 35%, the average NF width was maintained 205 

at ~17 nm, even after 10 passes. Because the NF width could not be decreased to less than 17 206 

nm and the network structure of the NFs was not changed after 10 passes, a transmittance 207 

higher than 70% could not be obtained. 208 

3.4 Effect of DA on the viscosity of ChNF dispersions 209 

The effect of the DA on the viscosities of the ChNFs dispersions is shown in Fig. 9. 210 
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At a DA of 95%, the viscosity was 110 mPa s, even after 10 passes. At a DA of 66%, the 211 

viscosity increased after 1 and 2 passes, reaching 1300 mPa s after 3 passes and 1200 mPa s 212 

after 5 passes. At a DA of 52%, the viscosity increased after 1 and 2 passes to reach 2500 213 

mPa s and then decreased after 5 and 10 passes to reach 1500 mPa s. At a DA of 35%, the 214 

viscosity reached a maximum value of 3400 mPa s after 1 pass and then decreased to 2500 215 

mPa after 2 passes. At a DA of 22%, the maximum viscosity of 540 mPa s was observed after 216 

1 pass, with decreases in viscosity observed with increasing passes. 217 

As the DA decrease, fewer passes were required to decrease the NF width, as shown 218 

in Fig. 5–7. Thin NFs cause high viscosities because the number of entanglements between 219 

NFs increases as the number of NFs in water increases. However, as the number of passes 220 

increased, a decrease of the viscosity was observed at lower DAs, probably owing to a 221 

shortening of the NF length. It has been reported that the shortening of ChNFs by strong 222 

mechanical forces occurs with the Star Burst system when the number of passes exceeds 10 223 

[25,26]. 224 

We obtained a maximum viscosity of 3400 mPa s after 1 pass at a DA of 35%. In our 225 

previous study [16], we observed a maximum viscosity of 2400–3700 mPa s for β-ChNFs at 226 

a DA of 95% under acidic conditions. The disintegration of β-chitin into NFs is easier than 227 

that of α-chitin because β-chitin does not have significant hydrogen bonding between the 228 

molecular sheets and can form a hydrate. In this work, following deacetylation of α-chitin, 229 

we obtained a NF dispersion with a high viscosity, similar to that of NF dispersions of β-230 

chitin. 231 

 232 

4. Discussion 233 

As shown in Fig. 2b, a change in the deacetylation reaction rate was observed at a 234 

DA of approximately 70%. This change probably occurs because deacetylation proceeds 235 
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gradually from the surface to the interior of the ChNF bundle. Thus, the deacetylation is 236 

considered to proceed in two steps (1) on the surface of ChNF bundles and (2) in the interior 237 

of the ChNF bundles. Step (1) was completed quickly by a DA of approximately 70%, and 238 

then step (2) proceeded slowly, resulting in the observed change in the deacetylation reaction 239 

(Fig. 2b).  240 

We propose a model for estimating the NF width at different DAs (Fig. 10). The 241 

average NF width at a DA of 95% after 10 passes was 34 nm (Fig. 5), and we used this width 242 

as the base cylindrical column at a DA of 100%. It was assumed that a decrease in DA 243 

corresponds to an increase in transformation of amide groups into amine groups and that the 244 

deacetylation process proceeds gradually from the surface to the interior of the NF column. 245 

Furthermore, we assumed that the deacetylated surface (white part) has a DA of 0% and the 246 

interior (black part) maintains a DA of 100%. Only the surface part could be dissolved after 247 

the acetic acid and Star Burst treatments and the interior part was isolated as the ChNFs after 248 

the disintegration process. If the whole cylindrical column was deacetylated completely, i.e., 249 

to chitosan, it would be dissolved by the acetic acid treatment, and not disintegrated to NFs. 250 

At a DA of 66%, the average NF diameters were 28 nm (1 pass), 31 nm (2 passes), 251 

and 18 nm (10 passes) (Fig. 6). When deacetylation proceeded from the surface of the 34 nm 252 

column, a thickness of 3 nm from the surface was changed to amino groups. The dissolution 253 

of this part of the column by the acetic acid treatment would give a diameter of 28 nm (34 nm 254 

− 3 nm × 2), which is similar to the experimental values obtained after 1 and 2 passes. At this 255 

DA, as only the outermost surface was deacetylated, and, then dissolved by the acetic acid 256 

treatment, the NF diameter decreased gradually as the number of passes increased. As a 257 

result, the transmittance and the viscosity also increased gradually with the number of passes. 258 

At a DA of 35%, the average NF diameters were 20 nm (1 pass), 19 nm (2 passes), 259 

and 18 nm (10 passes) (Fig. 7). If a thickness of 7 nm of the surface was dissolved by the 260 



12 
 

acetic acid and Star Burst treatments, the diameter would be evaluated as 20 nm (34 nm − 7 261 

nm × 2), which is similar to the experimental values. As shown in Fig. 2b, the DA of 35% 262 

deacetylated chitin powder increased to 45% after the acid treatment, indicating that a 263 

thickness of 5.5 nm of the surface was dissolved by the acetic acid treatment, and the 264 

additional 1.5 nm was dissolved by the Star Burst treatment. At this DA, as almost all of the 265 

surface was deacetylated, the dissolution of the surface by the acetic acid treatment 266 

completely disrupted the contact between the cylindrical columns, resulting in a decrease of 267 

the NF diameter after only 1 pass. The surface of the cylindrical column changed from the 268 

deacetylated to the non-deacetylated unit; however, these ChNFs do not aggregate easily. 269 

Other research reported that non-deacetylated ChNFs (unmodified ChNFs) can be dispersed 270 

for a few months [3,16]. These results indicate that once the ChNFs are completely dispersed 271 

in water, they do not aggregate over the period of several months. In addition, if any 272 

deacetylated parts remained after the acid treatment, the amino groups would be protonated in 273 

the presence of acid. Thus, electrostatic repulsion between the NFs would increase, resulting 274 

in thin NFs with a narrow width distribution. As a result, the transmittance and the viscosity 275 

increased after only 1 pass. From this simple model of a cylindrical column, the NF diameter 276 

could be estimated using the DA.  277 

 278 

5. Conclusions 279 

The disintegration of α-chitin powder into NFs is more difficult than that of β-chitin 280 

because α-chitin has hydrogen bonds between the molecular chains. Therefore, the 281 

physicochemical properties, such as transmittance and viscosity, of α-ChNF dispersions are 282 

more difficult to control than those of β-ChNF dispersions. In this work, to weaken the 283 

hydrogen bonds between the α-chitin molecular chains, we used partial deacetylation of α-284 

chitin. First, the α-chitin powder was deacetylated by alkaline treatment to obtain α-chitin 285 
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powders with varying DA. Then, the deacetylated part on the ChNF surface was dissolved by 286 

an acetic acid treatment. Subsequently, the solid residue was disintegrated into ChNFs using 287 

wet pulverization. As a result, we found that the average ChNF width decreased with 288 

decreasing DA. Furthermore, this decrease in the average ChNF width led to dispersions with 289 

higher transmittance and viscosity, similar to the values previously obtained for β-ChNF 290 

dispersions. In addition, we suggested a simple model for estimating the average ChNF width 291 

at different DAs and confirmed that the model agreed with the experimental results. These 292 

results indicate that the physicochemical properties of α-ChNFs can be controlled by 293 

changing the DA and that the DA can be used to estimate these properties. Recently, it has 294 

been reported that the chitosan NFs and the surface-deacetylated ChNFs promoted mouse 295 

hair growth [27]. The production of DA-controlled ChNFs will be important in medical 296 

applications. 297 
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Figure captions 402 

Fig. 1. Preparation of deacetylated α-ChNFs. 403 

Fig. 2. Effect of NaOH aqueous solution treatment time on DA. (b) Magnified illustration of 404 

(a). Deacetylated chitin powder (○), solid residue (□) shown in Fig. 1. 405 

Fig. 3. Effect of DA on the weight change of α-chitin. 406 

Fig. 4. FT-IR spectra of deacetylated chitin powder with different DAs. 407 

Fig. 5. FE-SEM image and width distribution of α-ChNFs at DA = 95%. 408 

Fig. 6. FE-SEM images and width distributions of α-ChNFs at DA = 66%. 409 

Fig. 7. FE-SEM images and width distributions of α-ChNFs at DA = 35%. 410 

Fig. 8. Effect of DA on the transmittance and photographs of α-ChNF dispersions. 411 

Fig. 9. Effect of DA on the viscosity of α-ChNF dispersions. 412 

Fig. 10. Model for estimating NF width at different DAs. 413 
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