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Dear Editor 

 

I am writing to submit our manuscript entitled " Environmentally friendly pretreatment of 

chitin using relatively low concentration KOH/urea mixture for enhanced nanofiber preparation" 

for consideration as a Research Article in International Journal of Biological Macromolecules. 

In this work, we present a novel approach to prepare chitin nanofibers using an environmentally 

friendly process. The method utilizes low-temperature freeze pretreatment with a relatively low 

concentration of KOH/urea mixture, which can reduce the crystallinity of β-chitin. This strategy 

bypasses the need for harsh chemicals or high-energy inputs which are needed to purify the chitin 

in traditional methods. Our study demonstrates that pretreatment with a 7 wt% KOH/1 wt% urea 

mixture at -30°C reduces β-chitin crystallinity from about 85% to 67.1%. After pretreatment, 

TEMPO-mediated oxidation was employed to prepare nanofibers. By adjusting the concentration 

of KOH in the pretreatment, we successfully controlled the morphology of the nanofibers, achieving 

rod-like structures of approximately 150 nm in length. Furthermore, we observed an increase in 

carboxyl content to 0.43 mmol/g in nanofibers prepared from chitin treated with a 3 wt% KOH/1 

wt% urea mixture, compared to 0.25 mmol/g in solely freeze-treated chitin. In addition, our 

pretreatment method can be applied to α-chitin and offers solvent reusability, making it a sustainable 

option. This technique has the potential to be extended to other biomass sources for nanofiber 

production, which can broad its applicability. 

 

Sincerely yours 

Fuyuan Ding 
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Traditional methods to prepare chitin nanofibers often require circular chemical pretreatment 
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Abstract 13 

Traditional methods to prepare chitin nanofibers often require circular chemical pretreatment 14 

and the morphology of the prepared nanofibers is commonly rod-like one. This study introduces 15 

an approach utilizing low-temperature freeze pretreatment of chitin in a relatively low 16 

concentration KOH/urea mixture. The crystallinity of β-chitin reduced as the concentration of 17 

KOH increased in the pretreatment solvent. The crystallinity of β-chitin reduced to 67.1% after 18 

pretreating with 7 wt% KOH/ 1 wt% urea mixture at -30 oC. The concentration of urea had little 19 

effect on the structure of chitin. The pretreated chitin was then oxidized in a 20 

2,2,6,6-Tetramethylpiperidine-1-oxyl (TEMPO)/NaBr/NaClO system to prepare nanofibers. The 21 

morphologies of the nanofibers can be regulated by adjusting the concentration of KOH. The 22 
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nanofibers obtained by oxidizing chitin pretreated by 3 wt% KOH/ 1 wt% urea mixture showed 23 

rod-like morphologies with length about 150 nm. The carboxyl content of nanofibers prepared 24 

with 3 wt% KOH/ 1 wt% urea mixture treated chitin increased to 0.43 mmol/g compared to that of 25 

solely freeze treated chitin nanofibers (0.25 mmol/g). In addition, the pretreatment solvent can be 26 

used to treat α-chitin and can be reused. The freeze KOH/urea mixture pretreatment methods can 27 

be extended to treat other biomasses for nanofiberization.  28 

 29 

Keywords: β-chitin nanofibers; Freeze pretreatment; KOH/urea mixture 30 

 31 

 32 

1. Introduction 33 

Chitin, a natural polysaccharide found abundantly in the exoskeletons of crustaceans, insects, 34 

and fungi, has been widely applied in different engineered fields due to its biocompatibility, 35 

biodegradability, and bioactivity [1-5]. Despite its abundant availability and promising properties, 36 

the use of chitin nanofibers is hindered by the challenges related to its processing [6]. The 37 

preparation of chitin nanofibers commonly requires multiple preprocessing or harsh chemical 38 

treatments that can be environmentally unfriendly and degrade the polysaccharide's inherent 39 

properties [7-9]. For instance, cyclic high concentration hydrochloric acid and sodium hydroxide 40 

pretreatment is commonly required to enhance the preparation of chitin nanofibers [10]. This 41 

process is highly polluting and requires high energy consumption. In addition, many reported 42 

methods of fabricating nanofibers require fresh or never dried chitin as raw materials, which is 43 

relatively inconvenient [11].  44 
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Recent advances in the preparation of chitin nanofibers have explored the use of milder, more 45 

environmentally benign solvents and conditions to maintain the structural integrity and functional 46 

properties of the resultant nanofibers [6, 12-15]. For instance, glycerol swelling and 47 

low-temperature freezing have been applied to pretreatment of chitin [16]. Then, the 48 

TEMPO-mediated oxidation method was applied to oxidize the pretreated chitin in order to obtain 49 

chitin nanofibers. The results indicated that low-temperature freezing and swelling pretreatment 50 

can enhance the preparation of nanofibers. Alkali/urea mixtures have emerged as promising 51 

solvents for the processing of chitin [10, 17-20], with different kinds of chitin-based biomaterials 52 

fabricated in this way at low temperature [21, 22]. Crystallinity and hydrogen bonding in the 53 

chitin structure were disrupted in alkali/urea mixtures at low temperature. We hypothesize that the 54 

pretreatment of dried chitin in alkali/urea mixtures at low temperature facilitates the preparation of 55 

chitin nanofibers. 56 

This study investigated the efficacy of pretreating chitin with a relatively low concentration 57 

KOH/urea mixture at low temperature (Scheme 1). Then, the pretreated chitin was oxidized by the 58 

TEMPO/NaBr/NaClO system to prepare chitin nanofibers. The focus on low-temperature 59 

conditions is due to the dissolution of chitin in KOH/urea mixture being an enthalpy change 60 

process [23]. By optimizing the conditions of the KOH/urea pretreatment, this research aims to 61 

develop a scalable and environmentally friendly methodology that can enhance the preparation of 62 

chitin nanofibers. The innovations herein are as follows: (1) The use of KOH/urea mixture 63 

combined with low-temperature freeze pretreatment can effectively disrupt the structure of chitin, 64 

enhancing the efficiency of nanofiber extraction. (2) The morphological and physicochemical 65 

properties of chitin nanofibers can be adjusted by regulating the concentration of KOH during the 66 
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pretreatment process. (3) The KOH/urea mixture used to pretreat the chitin can be reused, which 67 

offers environmental and economic benefits. We anticipate that this pretreatment method can be 68 

applied to treat other biomass, which can enhance the preparation of nanofibers.  69 

 70 

Scheme 1 Pretreatment of chitin in KOH/urea mixture and preparation of chitin nanofibers 71 

 72 

2. Materials and methods 73 

2.1 Materials 74 

β-chitin and α-chitin were purchased from Golden-Shell Biochemical Co. Ltd. (Zhejiang, 75 

China). The characterization of chitin was performed according to the reported method [12, 24]. 76 

The viscosity average molecular weight (Mη) of β-chitin was 6.3 × 105 g⋅mol-1 by viscometry and 77 

the degree of deacetylation (D.D) was about 5%. The molecular weight (Mη) of α-chitin was 10.5 78 

× 104 g⋅mol-1 and its degree of deacetylation was 3%. TEMPO was purchased from Sigma-Aldrich 79 

Co., Ltd (USA). Sodium hypochlorite solution (5.5~6.5%) was obtained from Shanghai Macklin 80 

Biochemical Co., Ltd (China). KOH, NaOH, HCl, NaBr and urea were supplied by Sinopharm 81 
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Chemical Reagent Co., Ltd (China). All reagents were analytical grade. 82 

 83 

2.2 Pretreatments of chitin and characterization  84 

The β-chitin was pretreated by KOH/urea mixed solution [12, 25]. In brief, 2 g β-chitin was 85 

dispersed in a given concentration of KOH/urea solution (100 mL) and then frozen at -30 ℃ for 86 

several hours. Subsequently, the mixture was thawed at room temperature, and washed thoroughly 87 

with deionized water until approximately neutral following filtration. Finally, the pretreated chitin 88 

was freeze-dried for further characterization. The chitin pretreated with KOH/urea of 0 wt%-0 89 

wt%, 0 wt%-1 wt%,3 wt%-1 wt%, 7 wt%-1 wt%, 3 wt%-0 wt%, and 3 wt%-4 wt% were denoted 90 

as PCN00, PCN01, PCN31, PCN71, PCN30 and PCN34. The morphologies of the original and 91 

pretreated chitin were observed using a scanning electron microscope (SEM) (Hitachi S-3400, 92 

Hitachi, Japan). Before tests, all samples were freeze-dried for 48 hours and coated with gold to 93 

enhance the conductivity. Fourier Transform infrared spectroscopy (FT-IR) of the original and 94 

pretreated chitin were conducted with an attenuated total reflectance (ATR) accessory (Nicolet 95 

is50, USA). All spectra were obtained in the range of 500 to 4000 cm-1.  96 

X-ray diffraction analysis was performed on an X-ray diffractometer (D8 ADVANCE, 97 

Germany), ranging from 5° to 60° at a speed of 5 ℃/min. The degree of crystallinity was 98 

calculated from the peak intensity I110 and the baseline intensity Iamorphous by using the following 99 

equation. 100 

Crystallinity = (I110 – Iamorphous) / I110                (1) 101 

where I110 denotes the maximum intensity at 2 = 19–20° and Iamorphous is the intensity of 102 

amorphous diffraction from chitin at 2 = 12–14°. 103 
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The crystal sizes (D) of the [010] and [110] directions were measured from the full width at 104 

half-maximum of the diffraction peaks (FWHM) at 8.3° and 19.6°, using Scherrer’s equation. 105 

D = Kλ/β1/2 cos θ                           (2) 106 

where  is the wavelength of Cu-Kα radiation ( = 1.5418 Å), θ is the scattering angle, K is a 107 

shape factor (0.9), and β1/2 is the FWHM. 108 

 109 

2.3 TEMPO-mediated oxidized chitin 110 

TEMPO-mediated oxidation of chitins was conducted according to the reported method [26, 111 

27]. In the process of TEMPO/NaBr/NaClO oxidation, 2 g pretreated β-chitin was firstly 112 

suspended in 200 mL distilled water, which contained sodium bromide (0.2 g, 1 mmol) and 113 

TEMPO (0.032 g, 0.1 mmol). A 5% NaClO solution was adjusted to pH 10 by the addition of 0.1 114 

M HCl. The TEMPO-mediated oxidation was initiated by adding a desired amount of NaClO (1–115 

10 mmol of NaClO per gram of chitin) in solution, and the mixture was stirring continuously at 116 

room temperature. Meanwhile, 0.5 M NaOH was added gradually in the solution to maintain the 117 

pH at 10. The reaction was stopped when no consumption of NaOH was observed. After that, the 118 

oxidized chitin was dialyzed with deionized water for three days. The slurry of oxidized chitin was 119 

then sonicated for 30 min by an ultrasonic processor (JY92-IIN, 20-25 KHz) at 650 W. After 120 

ultrasonic dispersion and centrifugation (8000 rpm, 20 min), a uniform supernatant was obtained. 121 

Finally, the suspension was freeze-dried for later use. The oxidized PCN00, PCN01, PCN31, and 122 

PCN71 were denoted as OPCN00, OPCN01, OPCN31, and OPCN71, respectively.  123 

 124 

2.4 Characterization of TEMPO-mediated oxidized chitin 125 
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The morphology of the TEMPO-oxidized chitins was observed by transmission electron 126 

microscopy (TEM, HT7800). Prior to imaging, a drop of 0.03 wt% suspension was deposited on a 127 

copper grid with a carbon-reinforced film and maintained on the grid for a specific time to dry 128 

naturally. After that, it was stained with phosphotungstic acid and blotted with filter paper. FT-IR 129 

spectra of the TEMPO-oxidized chitins were recorded on Fourier Transform infrared spectroscopy 130 

(Nicolet is50, USA), with an attenuated total reflectance (ATR) accessory. Zeta potential 131 

measurements of the TEMPO-oxidized chitins were made using a Malvern Zeta-sizer. The tests 132 

were carried out at 25℃ using 1 mL of diluted suspensions, and the pH value changed during 133 

measurement from 7 to 9. XRD patterns of the TEMPO-oxidized chitins were performed by X-ray 134 

diffractometer (D8 ADVANCE, Germany), ranging from 5° to 60° at a speed of 5 ℃/min. 135 

The carboxylate content (CC) of the TEMPO-oxidized chitins was determined using an 136 

electrical conductivity titration method, according to the cited method [28]. Briefly, dried samples 137 

(0.1 g) were added to 30 mL water (pH 9.0) and the mixture was stirred for 30 min to obtain a 138 

well-dispersed mixture. Then, the pH was set in the range 2.5~3.0 by adding 0.1 M HCl to the 139 

mixture. Finally, 0.05 M NaOH was added to adjust the pH to 11, and the consumption of NaOH 140 

was recorded. The content of carboxyl groups can be calculated by the following equation. 141 

CC = 
c×(V2-V1)

M
                 (3) 142 

where c is the concentration of NaOH solution (mol L−1), V1 is the volume of NaOH solution (mL) 143 

at the first titration jump, V2 is the volume of NaOH solution at the second titration jump, M is the 144 

sample weight (g). 145 

 146 

2.5 Preparation of Pickering emulsions and 3D printing  147 
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   The TEMPO-oxidized chitin nanofibers stabilized high internal phase Pickering emulsions 148 

(HIPPE) were prepared as follows. Briefly, white beeswax was melted into sunflower oil at 70℃ 149 

to obtain a beeswax-oil mixture (containing 10 wt% beeswax) as the oil phase. Next, 1 wt% 150 

TEMPO-oxidized chitin suspension was treated by high-pressure homogenization (Ouhor 151 

A25-digital, China) at 10000 rpm for 2 min for further use. Then, nanofiber suspension was mixed 152 

with the beeswax-oil mixture in a 1:1 w/w ratio by high-speed shearing at 15000 rpm for another 2 153 

min. The Pickering emulsions with a phase volume ɸ of 0.5 were achieved through the above 154 

procedures, and ɸ was adjusted to 0.9 by continuously adding oil mixture whilst blending at 15000 155 

rpm. After 5 min, the final high internal phase Pickering emulsion (HIPPE) was acquired. The 156 

emulsions stabilized by chitin nanofibers were observed using an optical microscope (Nikon, 157 

China) equipped with a digital camera. A drop of sample was dropped onto a microscope slide and 158 

covered with a glass coverslip.  159 

   The HIPPE was used as an ink via a syringe-type extrusion-based 3D Food printer (Shiyin 160 

Technology, Hangzhou, China) 50 ℃. Before printing, 30 mL emulsion was placed into a 60 mL 161 

syringe, with a nozzle diameter of 0.1 mm, and a print speed of 0.5 mm/s. 162 

 163 

3. Results and discussion 164 

3.1 Effects of KOH concentration on the structure of β-chitin 165 

Alkali/urea mixtures have been widely applied to the dissolution and processing of biomasses 166 

such as cellulose and chitin [29]. Many kinds of biomaterials have been fabricated using this 167 

solvent. KOH is a commonly used alkali in this case. A high concentration of KOH (14 wt%) / 168 

urea (4 wt%) combined with low-temperature freeze can quickly dissolve β-chitin [12] and its 169 
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concentration has large effects on the dissolution behaviors of chitin. We hypothesis that the low 170 

concentration of KOH in this solvent system can loosen the structure and facilitate the subsequent 171 

nanofibrillation. Chitin pretreated with 0 wt% KOH/1 wt% urea, 3 wt% KOH/1 wt% urea and 7 172 

wt% KOH/1 wt% urea solvents were denoted as PCN01, PCN31 and PCN71 respectively. Chitin 173 

pretreated only by freeze methods was denoted as PCN00 and was used as control.  174 

The change of β-chitin in the solution after pretreating with various KOH/urea mixtures was 175 

firstly characterized by digital images. As shown in Fig. 1 (A), the PCN00 solution stratified after 176 

thawing at room temperature, which demonstrated that freeze treatment had little effect without 177 

KOH. When the solution was added with 1 wt% urea, the PCN01 solution also stratified. This was 178 

because a low concentration of urea does not change the structure of chitin. Further increasing the 179 

KOH concentration to 3 wt%, the chitin suspension transformed to a semi-soluble state. As shown 180 

in Fig. 1 (A), there were some white aggregates in the PCN31 solution due to the assembly of 181 

partial chitin molecule. When the concentration of KOH increased to 7 wt%, the solution became 182 

transparent indicating the dissolution of chitin in the high alkali solution. During the pretreatment 183 

process, the KOH and chitin formed a clathrate by hydrogen bonding, and then surrounded by 184 

urea [30]. Subsequently, the self-assembled clathrate compound was dissolved in water owing to 185 

its strong hydrophilicity.  186 

To further investigate the effect of KOH on the pretreatment of chitin, the pretreated chitin 187 

was characterized by FT-IR spectra. As shown in Fig. 1 (B), in the spectrum of original β-chitin, 188 

the intensity of the O-H located at 3432 cm-1, the weak shoulder peak at 3270 cm-1 correspond to 189 

N-H stretching, and the two characteristic peaks at 1633 cm-1 and 1556 cm-1 correspond to amide I 190 

and II band stretching respectively [31, 32]. Besides, the sharp characteristic peaks at 1064 cm-1 191 
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and 1029 cm-1 correspond to symmetrical and asymmetric tensile vibrations of C-O-C and C-O on 192 

the sugar ring [33, 34]. The broad peak of 1633 cm-1 indicated the lack of inter-sheet hydrogen 193 

bonds in the β-chitin crystal structure. When no KOH was added, the spectrum of PCN00 and 194 

PCN01 were similar to the β-chitin. While the KOH concentration reached 3 wt%, two 195 

characteristic peaks at 1655 cm-1 and 1621 cm-1 were observed. Moreover, the intensity of peaks 196 

slightly increased with higher KOH concentration. The double peaks were associated with the 197 

intra chain C=O...H-N hydrogen bond interaction and inter chain C=O...H-O hydrogen bond 198 

interaction of the amide I band, respectively [19]. The addition of KOH played a role, facilitating 199 

the formation of intra- and intermolecular hydrogen bonding network during pretreatment. In 200 

addition, the spectra of the pretreated chitin were similar to the original chitin, which 201 

demonstrated that the pretreatment was mild and did not change the chemical groups in the chitin 202 

molecule.  203 

X-ray diffraction patterns of various pretreated chitins are displayed in Fig. 1 (C). Obviously, 204 

the low-temperature frozen chitin without KOH (PCN00 and PCN01) showed two distinct 205 

crystalline diffraction peaks at 8.3° and 19.7°, corresponding to the (010) reflection, and a 206 

superposition of (100), (110), and (110) reflections of typical β-chitin, respectively [35]. As the 207 

concentration of KOH increased to 3 wt%, the two broad crystal diffractions of β-chitin at 8.3° 208 

and 19.7° shifted to 9.1° and 19.2° after pretreatment. In addition, the peak intensity reduced 209 

compared with the PCN00 and PCN01. Further increase of KOH to 7 wt% (PCN71) reduced peak 210 

intensity at 9.1° and a weak diffraction peak appeared at 26.4° corresponding to a diffraction peak 211 

of α-chitin (013) compared to PCN31, implying the slight transformation from β-chitin to α-chitin 212 

[36, 37]. More importantly, the crystallinity of various pretreated chitin is shown in Fig. 1 (D). 213 
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Obviously, the crystallinity of different pretreated chitin presented a declining trend as KOH 214 

concentration increased. This may be due to KOH/urea swelling involved the change of hydrogen 215 

bonding and chitin crystalline structure [12]. The crystal size of the pretreated chitin was also 216 

obtained. The crystal size of the KOH/urea treated chitin was slightly larger than solely freeze 217 

treated samples. This might be because the alkali partially solubilized chitin and some amorphous 218 

regions in chitin broke down. Larger crystals might then form due to the remaining crystalline 219 

regions growing and aggregating into larger crystals following regeneration from KOH/urea 220 

solution. 221 

The pretreatment process was further monitored by SEM. As shown in Fig. 1 (E), the freeze 222 

treated chitin (PCN00 and PCN01) was a compact structure with large sheets stacked layer by 223 

layer, displaying smooth surface regions, which is a typical structure of β-chitin. When the 224 

concentration of KOH increased to 3 wt%, the area of the lamellae greatly decreased and split into 225 

many coarse ribbon fiber bundles. More importantly, the smooth surface became rougher with 226 

increased fibrous protrusions. A small amount of nanofibers were observed in the looser structure, 227 

and the fibrillation became more obvious. Here, in comparison to original chitin, folds appeared in 228 

the structure, forming an uneven surface like a ravine, accompanied by irregular round holes and 229 

cracks. This may be due to the semi-dissolved state of chitin in a relative high concentration of 230 

KOH, thus changing the microstructure greatly after swelling at low temperature. When the KOH 231 

concentration reached to 7 wt%, the regenerated chitin showed a dramatic loose lamellar structure, 232 

and the overall fibers was more visible. More chitin was dissolved by higher amount of alkali, 233 

facilitating the expansion of chitin fiber bundles both on the interior and exterior surface. These 234 

results indicated that KOH/urea pretreatment altered the microstructure of chitin, producing more 235 
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fragmented and looser lamellar structure on one hand. On the other hand, a portion of fibers were 236 

effectively converted to nanoscale, which was beneficial for subsequent preparation of chitin 237 

nanofibers. 238 

 239 

Fig. 1.  (A) Appearance of β-chitin (PCN00, PCN01, PCN31, and PCN71) solution after freeze 240 

pretreatment in different KOH/urea mixture. (B) FT-IR spectra of the original and different 241 

KOH/urea pretreated β-chitin. (C) X-ray diffraction patterns of pretreated β-chitin. (D) Changes of 242 

crystallinity and crystal size of the pretreated β-chitin. (E) SEM images of different KOH/urea 243 

pretreated β-chitin. 244 

 245 

3.2 Effects of urea concentration on the structure of β-chitin 246 

Besides the effects of KOH concentration of the structure of β-chitin, the effects of urea 247 

concentration on the structure were also studied. It’s reported that the urea concentration played an 248 

auxiliary role during dissolution of cellulose and chitin. The chitin pretreated with 3 wt% KOH/0 249 

wt% urea, 3 wt% KOH/1 wt% urea and 3 wt% KOH/4 wt% urea solvent was denoted as PCN30, 250 

PCN31 and PCN34 respectively. Chitin pretreated solely by freezing was denoted as PCN00 and 251 

was used as control. As shown in Fig. 2 (A), the PCN00 solution stratified after thawing at room 252 

temperature, while the chitin suspensions (PCN30, PCN31 and PCN34) appeared to be in a 253 
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semi-soluble state. The appearance of solutions with urea concentration of 0 wt%, 1 wt% and 4 wt% 254 

were similar, preliminarily demonstrating that the concentration of urea had little effect on the 255 

structure of β-chitin.  256 

The effect of urea concentration on the structure of β-chitin was studied by FT-IR spectra. As 257 

shown in Fig. 2 (B), the peak at 3270 cm-1 corresponded to N-H stretching, and the two peaks at 258 

1633 cm-1 and 1556 cm-1 corresponded to characteristic bands of amide I and II. The peaks at 1064 259 

cm-1 and 1029 cm-1 corresponded to symmetrical and asymmetric tensile vibrations of C-O-C and 260 

C-O, respectively. The characteristic peaks of the pretreated chitin (PCN30, PCN31 and PCN34) 261 

were similar, which further suggested that the concentration of urea had little effect on the 262 

structure of chitin [23, 30].  263 

X-ray diffraction patterns of various pretreated chitins were further obtained. As shown in Fig. 264 

2 (C), two characteristic peaks at 8.3° and 19.7° were observed, corresponding to a (010) 265 

reflection, and a superposition of (100), (110), and (110) reflections respectively, typical of 266 

β-chitin. These two peaks shifted to 9.1° and 19.2° when the chitin was treated with 3 wt% KOH/ 267 

0 wt% urea. The shift of peaks indicated the slight transformation from β-chitin to α-chitin [36, 268 

37]. In addition, the peak intensity of the two peaks decreased which demonstrated that the intra 269 

and inter-molecular hydrogen bonds of chitin were broken during pretreatment process, leading to 270 

the reduction of crystallinity [38]. Further increase of the urea concentration to 1 wt% and 4 wt%, 271 

made little difference compared to PCN30. The crystallinity of PCN31 (72.5%) and PCN34 272 

(68.5%) was close to PCN30 (72.7%), as shown in Fig. 2 (D). The crystal size of pretreated chitin 273 

(PCN34) was larger than PCN30 and PCN31, which might be due to the high concentration of 274 

urea increasing the solubility of chitin and subsequently the remaining crystalline material 275 
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aggregated into larger crystals.  276 

The effect of urea concentration on the structure of chitin was further characterized by SEM. 277 

As shown in Fig. 2 (E), the morphology of pretreated chitin (PCN00) was typical of β-chitin 278 

showing a compact surface. When the chitin was treated with 3 wt% KOH, the PCN30 showed a 279 

sheet structure with many holes on the surface. This was ascribed to partial dissolution of chitin 3 280 

wt% KOH solution and subsequent regeneration after the KOH was removed. Further increase of 281 

the urea concentration to 1 wt% caused the surface of the chitin to become rougher and some 282 

nanofibers were observed. When the concentration of urea reached to 4 wt%, chitin showed a 283 

large sheet morphology with small lamellae on the surface. This might be due to increasing 284 

dissolution of chitin in the higher urea concentration solution and the regeneration after removal of 285 

the solvent. No loose structures or nanofibers were observed at the higher concentration of added 286 

urea, which suggested that the concentration of urea had little effect on the structure of chitin.  287 

 288 

Fig. 2. (A) Appearance of β-chitin (PCN00, PCN30, PCN31, and PCN34) solution after freeze 289 

pretreated with 3 wt% KOH and different concentration of urea. (B) FT-IR spectra of β-chitin 290 

pretreated with different concentration of urea. (C) X-ray diffraction patterns of pretreated β-chitin. 291 

(D) Changes of crystallinity and crystal size of theβ-chitin pretreated different concentration of 292 

urea. (E) SEM images of different KOH/urea pretreated β-chitin. 293 
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 294 

3.3 TEMPO-mediated oxidation of pretreated β-chitin to prepare nanofibers 295 

β-chitin obtained with various concentrations of KOH/urea pretreatment was oxidized by 296 

TEMPO/NaBr/NaClO system with 5 mmol/g NaClO. FT-IR spectra of original and TEMPO 297 

oxidized β-chitin pretreated in different KOH/urea solutions are presented in Fig. 3 (A). The 298 

characteristic peak at around 3270 cm-1 is the O-H stretching of chitin [39-41]. The peak intensity 299 

reduced in OPCN71, suggesting the conversion of some hydroxyl groups to carboxyl groups. The 300 

peak at 1555 cm⁻¹ corresponded to N-H bending and C-N stretching. This peak intensity reduced 301 

in the oxidized chitins due to the hydrogen bonding network in chitin being disrupted by the 302 

carboxyl groups. A significant peak appeared around 1404 cm⁻¹ in the oxidized samples, 303 

especially in OPCN31 and OPCN71. This peak is characteristic of the asymmetric stretching of 304 

carboxylate anions (-COO-) [27]. The increasing intensity of this peak indicated the formation of 305 

more carboxylate groups. The peak around 1066 cm⁻¹, which corresponds to the C-O-C stretching 306 

of glycosidic linkages, disappeared in the oxidized chitins. This might be due to molecular partial 307 

glycosidic linkages breaking during oxidation.  308 

β-chitin and oxidized β-chitin pretreated by KOH/urea were further studied by X-ray 309 

diffraction. The results are shown in Fig. 3 (B). The original β-chitin showed two strong peaks at 310 

8.3o and 19.7o, corresponding to the (010) and (110) peaks of chitin [42, 43]. The peak intensity at 311 

8.3o and 19.7o reduced in the oxidized chitin. This might be due to the selective conversion of the 312 

primary hydroxyl groups at the C6 position of the glucose units in β-chitin into carboxyl groups 313 

by TEMPO oxidation. This introduction of carboxyl groups increases the negative charge density 314 

on the chitin chains, leading to electrostatic repulsion between the chains. In addition, the native 315 
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structure of β-chitin is stabilized by extensive hydrogen bonding between the hydroxyl groups of 316 

adjacent chains. The oxidation process disrupts these hydrogen bonds because the carboxyl groups 317 

formed are less capable of participating in hydrogen bonding compared to hydroxyl groups [24]. 318 

This disruption weakens the interchain interactions.  319 

The zeta potential and particle size of the oxidized β-chitin were obtained and shown in Fig. 320 

3 (C). The absolute potential values of all samples were greater than 20 mV, indicating that the 321 

solution had good colloidal stability in both neutral (pH 7.0) and basic (pH 9.0) conditions. 322 

Obviously, the absolute value of the potential at pH 9.0 was larger than at pH 7.0, suggesting that 323 

the nanofibers were more likely to disperse in an alkaline environment. This was probably due to 324 

the substitution of the primary hydroxyl group at the C6 position of the nanofibers with the COOH 325 

group after TEMPO-mediated oxidation, resulting in an anionic charge on the surface of -COO-. 326 

When the concentration of KOH in the pretreatment solution increased to o 3 wt%, the absolute 327 

value of the potential gradually improved, which may be ascribed to the increased number of free 328 

C6 carboxyl groups. In other words, pretreatment enhanced the oxidation efficiency and added 329 

more carboxyl groups to the chitin molecule. However, the zeta potential became less negative 330 

when the pretreatment KOH concentration increased to 7 wt%. This might be due to the 331 

aggregation of the water insoluble part of OPCN71 and subsequent reduction in the effective 332 

surface charge. The particle size decreased from OPCN00 to OPCN31 which indicated that the 333 

oxidation process, along with moderate KOH treatment, resulted in smaller particles. The particle 334 

size of OPCN71 increased again which might be due to that the aggregation of OPCN71 335 

molecules.  336 

The water-insoluble fraction and carboxyl content of the oxidized β-chitin were also obtained 337 
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and shown in Fig. 3 (D). The water-insoluble fraction consistently decreased with increasing KOH 338 

concentration from OPCN00 to OPCN71. This was because the high concentration of KOH 339 

lowers the crystallinity of the pretreated chitin (PCN71). The swelling degree of chitin was higher 340 

in higher concentrations of KOH solution. These facilitate the TEMPO oxidation process 341 

transforming more β-chitin into water-soluble molecules. The carboxyl content increased from 342 

OPCN00 to OPCN31, indicating more effective oxidation and the introduction of carboxyl groups 343 

in the chitin molecule after KOH/urea pretreatment. The carboxyl content of OPCN71 slightly 344 

decreased compared to OPCN31 which might be due to part of the water-insoluble oxidized chitin 345 

(OPCN71) aggregating and reducing surface charge.  346 

Transmission electron microscope (TEM) images of the insoluble part of chitin suspension 347 

were obtained. As shown in Fig. 3 (E), part of OPCN00 to OPCN01 nanofibers intertwined with 348 

each other, forming a close network. This was due to the retention by β-chitin of its native 349 

structure with minimal dispersion in the absence of significant KOH treatment. The nanofibers 350 

were not well separated, which indicated that oxidation was limited. A large portion of individual 351 

nanofibers were observed when the chitin was pretreated with 3 wt% KOH. The fibers appeared 352 

more evenly spread out compared to OPCN00 and OPCN01, due to the pretreatment and 353 

oxidation leading to better dispersion and increased surface area. Moderate KOH concentration (3 354 

wt%) pretreatment appears to be optimal for TEMPO oxidation, resulting in significant structural 355 

breakdown of the chitin fibers into individual fibrils. However, when the pretreatment 356 

concentration of KOH increased to 7 wt%, the morphology showed a highly disrupted structure 357 

with fewer visible fibers. The chitin nanofibers were more amorphous, and tended to aggregate. 358 

High KOH concentration might lead to excessive pretreatment, resulting in significant structural 359 
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disruption, such as a large reduction in crystallinity [44]. After oxidation, some fibers 360 

depolymerized into small chitin molecules and formed an amorphous mass, which could be the 361 

reason for the aggregation and lack of distinct fibrillar structure. Thus, KOH/urea pretreatments 362 

contributed to easier fibrillation of chitin bundles and reduced length of chitin fibers during 363 

TEMPO-mediated oxidation. These results suggest the possibility of high efficiency preparation of 364 

individualized nanofibers via KOH/urea pretreatments. 365 

 366 

Fig. 3. (A) FT-IR spectra of original and TEMPO oxidized β-chitin pretreated with different 367 

KOH/urea mixtures. (B) X-ray diffraction patterns of TEMPO oxidized β-chitin pretreated with 368 

different KOH/urea mixtures. (C) Zeta potential and particle size of various TEMPO oxidized 369 

β-chitin. (D) Water-insoluble fraction and carboxyl content of the TEMPO oxidized β-chitin 370 

pretreated with different KOH/urea mixtures. (E) TEM images of TEMPO oxidized β-chitin 371 

pretreated by diverse KOH/urea solutions. 372 

 373 

The concentration of NaClO also had influence on the structure of the oxidized chitin 374 

nanofibers. Here, the concentration of NaClO was set to be 5 and 10 mmol/g and the pretreated 375 

chitin PCN31 was used. The oxidized chitin was firstly characterized by TEM. As shown in Fig. 4 376 

(A), the chitin showed well-dispersed nanofibers morphology with little clustering, which 377 
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suggested that 5 mmol/g NaClO is effective in breaking down the β-chitin into nanofibers. In the 378 

case of a further increase in the concentration of NaClO to 10 mmol/g, the resultant chitin 379 

nanofibers appeared more disrupted, shorter and with an amorphous structure compared to the 380 

nanofibers oxidized with 5 mmol/g NaClO, as shown in Fig. 4 (B). This was ascribed to higher 381 

concentration of NaClO possibly leading to over-oxidation which can result in partial degradation 382 

of the β-chitin [27]. 383 

The FT-IR spectra of TEMPO-oxidized chitin prepared with various NaClO addition levels 384 

are displayed in Fig. 4 (C). In comparison to chitin pretreated without NaClO, the absorption peak 385 

at 3427 cm-1 disappeared following the addition of NaClO, correspond to O-H stretching, and the 386 

intensity of peaks at 3263 cm-1, 3099 cm-1, 2877 cm-1 were weakened, correspond to N-H 387 

stretching and CH2 symmetric and asymmetric stretching, respectively. Most importantly, a new 388 

peak appeared at 1730 cm-1 and became larger at higher amounts of NaClO, confirming the 389 

presence of carboxyl groups in oxidized chitins. The new peak at 1404 cm-1 corresponded to 390 

asymmetric stretching of carboxylate anions (-COO-), which also demonstrated that the chitin had 391 

been oxidized [45]. Furthermore, the XRD profile of oxidized chitin was maintained in the 392 

absence of NaClO, exhibiting two distinctive crystalline reflections at 8.9° and 19.0°, 393 

corresponding to (110) and (010) reflections of β-chitin, as shown in Fig. 4 (D). When 5 mmol/g 394 

NaClO is applied to chitin, the intensity of the two reflections was dramatically reduced, as a 395 

result of oxidation. When the amount of added NaClO was increased to 10 mmol/g, the intensity 396 

of (110) and (010) reflections became weaker due to excess NaClO.  397 
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 398 

Fig. 4. (A) TEM image of the TEMPO oxidized β-chitin pretreated with 3 wt% KOH/ 1 wt% urea 399 

(5 mmol/g NaClO). (B) TEM image of the TEMPO oxidized β-chitin pretreated with 3 wt% KOH/ 400 

1 wt% urea (10 mmol/g NaClO). (C) FT-IR spectra of TEMPO oxidized β-chitin pretreated with 3 401 

wt% KOH/ 1 wt% urea. (D) XRD diffraction patterns of TEMPO oxidized β-chitin pretreated with 402 

3 wt% KOH/ 1 wt% urea.  403 

 404 

3.4 TEMPO oxidized pretreated α-chitin to prepare nanofibers 405 

The pretreatment solvent can not only to treat β-chitin but also can be used to pretreat 406 

α-chitin. The microstructure of TEMPO oxidized original and KOH/urea (3 wt%, 1 wt%) 407 

pretreated α-chitin was observed by transmission electron microscope (TEM). As displayed in Fig. 408 

5 (A), the TEMPO oxidized α-chitin showed nanofiber structure with some aggregation. The 409 

image in the insert shows that the solution was a cloudy suspension with less clarity, which 410 

indicated that the chitin nanofibers aggregated into larger bundles. Compared to the original 411 

α-chitin, the TEMPO oxidized α-chitin pretreated with 3 wt% KOH/1 wt% urea showed a 412 

well-dispersed nanofibers morphology with 250-450 nm in length and 8-25 nm in cross-sectional 413 

diameter, as shown in Fig. 5 (B). The inserted image shows a light blue solution indicating that the 414 
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chitin nanofibers were stable and well-dispersed in the solution, scattering light at shorter 415 

wavelength indicates particle size of the order of 100 nm. This was due to the looser structure of 416 

chitin following pretreatment with KOH/urea mixture and facilitating the subsequent TEMPO 417 

oxidation process.  418 

FT-IR characterization was measured to investigate the changes in chemical structure of 419 

α-chitin after TEMPO-mediated oxidation. As displayed in Fig. 5 (C), in the spectrum of α-chitin, 420 

the broad absorption at 3435 cm-1 corresponded to O-H stretching, and peaks at 3259 cm-1 and 421 

3099 cm-1 corresponded to N-H stretching. The absorption peaks at 1656 cm-1 and 1614 cm-1 422 

associated with amide I region, are the characteristic peaks of α-chitin [46]. The peak associated 423 

with amide II presented at 1557 cm-1. The peak at around 1060 cm⁻¹ is the C-O-C stretching from 424 

glycosidic linkages [47]. In the spectrum of TEMPO oxidized α-chitin, the amide I region merged 425 

into a peak at 1618 cm-1 and a new peak at 1404 cm-1 appeared, which demonstrated the chitin had 426 

been oxidized in the presence of carboxylate anions (-COO-) [26]. In the spectrum of TEMPO 427 

oxidized α-chitin pretreated with KOH/urea, the peaks at 3435 cm-1 and 1060 cm-1 weakened, was 428 

due to the conversion of -OH groups and breakage of molecules during oxidation. In addition, a 429 

new peak was observed at 1404 cm-1 with intensity greater than the TEMPO oxidized original 430 

α-chitin, which demonstrated that the pretreatment process facilitated the oxidation process and 431 

that more carboxylate anions (-COO-) were present in the oxidized chitin [48]. The zeta potential 432 

of TEMPO oxidized pretreated α-chitin was -49.91 mV, which was higher than that of the TEMPO 433 

oxidized original α-chitin (-41.23 mV).  434 

The α-chitin and TEMPO oxidized original or pretreated α-chitin were further studied by 435 

X-ray diffraction spectrum. The results are shown in Fig. 5 (D). The original α-chitin showed two 436 
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strong peaks at 9.0o and 19.0o[49]. The peak intensity at 9.0o and 19.0o reduced in the oxidized 437 

α-chitin without KOH pretreatment, which indicated a partial loss of crystallinity due to TEMPO 438 

oxidation. The peak intensity further decreased in the XRD of oxidized α-chitin pretreated with 439 

KOH/urea, which was due to the pretreatment enhanced oxidation process. More carboxyl groups 440 

formed in the oxidized α-chitin pretreated with KOH, which would result in a more significant 441 

disruption of the crystalline structure to the chitin.  442 

 443 

Fig. 5. (A) TEM image of TEMPO oxidized original α-chitin. (B) TEM image of TEMPO 444 

oxidized α-chitin pretreated with 3 wt% KOH/ 1 wt% urea. (C) FT-IR spectra of α-chitin and 445 

TEMPO oxidized α-chitin pretreated with 3 wt% KOH/ 1 wt% urea. (D) XRD diffraction patterns 446 

of α-chitin and TEMPO oxidized α-chitin pretreated without or with 3 wt% KOH/ 1 wt% urea.  447 

 448 

3.5 Reuse of the KOH/urea mixture 449 

The KOH/urea solution could be reused as a pretreatment solvent for β-chitin. The KOH/urea 450 

was separated by filtration, as shown in Fig. 6 (A). The effects of recycled 3 wt% KOH/ 1 wt% 451 

urea mixture on the structure of β-chitin was firstly studied by FT-IR. As shown in Fig. 6 (B), the 452 
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FT-IR spectrums of the chitin pretreated with recycled KOH/urea mixture were similar, which 453 

demonstrated that the KOH/urea mixture was mild and would not change the chemical properties 454 

of the chitin. The pretreated chitin was further characterized by SEM technology. As observed in 455 

Fig. 6 (C-F), in comparison to the original β-chitin as mentioned, the smooth surface become 456 

wrinkled, and the dense stacks became fragmented. Furthermore, a large portion of the generated 457 

surface regions were rough, induced by the swelling effect of KOH pretreatment. In addition, 458 

more visible fibrillated edges in a looser microstructure could be observed, confirming the 459 

enhanced fibrillation of chitin due to KOH/urea pretreatment. This result provided a better proof 460 

of the efficient fabrication of individualized chitin nanofibers via KOH/urea pretreatment. 461 

Meanwhile, it was important to note that the microstructure of chitin was similar, even though the 462 

KOH/urea mixture was used four times. Recycling the KOH/urea system facilitates environmental 463 

protection, endowing the system with the unique feature of a high-efficiency pretreatment.  464 

 465 

Fig. 6. (A) Schematic illustration of reusable process of KOH/urea mixture. (B) FT-IR spectra of 466 

β-chitin after each 3 wt% KOH/ 1 wt% urea pretreatment. (C-F) SEM images of β-chitin after 467 

being pretreated by recycled 3 wt% KOH/ 1 wt% urea mixture. 468 

 469 

3.6 3D printing of the chitin nanofibers stabilized Pickering emulsions 470 
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The chitin nanofibers prepared by TEMPO oxidation method can be used to stabilize 471 

Pickering emulsions. The prepared high internal phase Pickering emulsion can be applied in 3D 472 

printing. As shown in Fig. 7, the chitin nanofiber stabilized Pickering emulsion was stable and 473 

gel-like in the bottle which demonstrated that the emulsion is homogeneous and suitable for 3D 474 

printing. The digital images show uniform distribution of droplets within the emulsion, suggesting 475 

effective stabilization by chitin nanofibers. The printed figures, including "1" "2" and "7" were 476 

clear and well-defined, indicating the emulsion can be applied in 3D printing. In addition, a 477 

variety of shapes and letters can also be printed, including "U" "J" "S", a paw, and a tree, further 478 

indicating fine details can be achieved. The successful formation of these complex shapes 479 

demonstrated the potential of chitin nanofiber stabilized Pickering emulsions as stable inks for 3D 480 

printing applications. 481 

 482 

Fig. 7. 3D printing of the chitin nanofibers stabilized high internal phase Pickering emulsion 483 

 484 

4. Conclusions 485 

In this study, we have demonstrated an enhanced method for preparing chitin nanofibers by 486 

pretreating the chitin in a low-temperature frozen KOH/urea mixture. The concentration of KOH 487 
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in the pretreatment solvent has significant effects on the structure of β-chitin. The crystallinity of 488 

β-chitin decreased with increasing concentrations of KOH in the pretreatment solvent. The 489 

concentration of urea showed minimal effects on the β-chitin structure. The pretreatment 490 

facilitated the subsequent TEMPO oxidized process to prepare β-chitin nanofibers. The 491 

morphologies of the prepared β-chitin nanofibers from rod-like to amorphous-like can be 492 

regulated by adjusting the concentration of KOH during pretreatment. The carboxyl content and 493 

zeta potential of nanofibers prepared from TEMPO oxidized β-chitin pretreated with KOH/urea 494 

mixture were enhanced compared to the original β-chitin. In addition, the KOH/urea mixture can 495 

be used to treat α-chitin. The pretreatment solvent can be reused to treat chitin, which 496 

demonstrated that the sustainability and economic advantages of this solvent. This freeze 497 

KOH/urea mixture pretreatment method also showed promise for the treatment of other biomass 498 

materials for nanofiberization. Future work may explore the extension of this method to other 499 

biomasses and prepare nanofibers with designed morphologies and properties.  500 
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 Low-temperature KOH/urea mixture freeze pretreatment reduces β-chitin crystallinity 

 Nanofibrillation of chitin by TEMPO method enhanced after pretreatment 

 KOH concentration can control the nanofiber morphology 

 KOH/urea pretreatment method is reusable and applicable to other biomasses 
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