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a b s t r a c t

Silkworm pupa protein (SPP) that obtained by traditional method usually had a high fat content, which

would impose restrictions on the further use of SPP. Herein, various functionalized ionic liquids (ILs)

were used to extract SPP from silkworm pupae, the structure-performance relationship of ILs with their

SPP separation performance were explored at the same time. The research showed that the maxi-

mum extraction yield of SPP was up to 62.6% with less than 0.5% low fat content by using 1-ethyl-

3-methylimidazolium chloride ([Emim]Cl), when the dissolution experiment was conducted at 90 °C for

24h with ethanol bath as the regeneration solvent. Comparing with the structure of raw material, the

regenerated SPP maintained the native protein backbone. Meanwhile, all regenerated SPP showed a de-

creased crystallinity, which also exhibited decreased fraction of the α-helix comparing to that β-sheet

united with coil random structures.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The silkworm Bombyx mori L. had been used for silk production

for about 5000 years [1]. As the byproduct of silk reeling process,

large quantity of silkworm pupae were commonly used as live-

stock feed and farm fertilizer with low-value utilization due to lack

of further processing technology [2]. Since dried silkworm pupa

is generally composed of 50%−65% protein, 23%−30% fat, 4%−8%

polysaccharide and rich trace elements [3,4], extracting the main

component SPP from silkworm pupae had been getting a remark-

able increase of interest. SPP is a kind of natural protein with high

value owing to its reasonable and balanced amino acid ratio, good

bioactivity and biocompatibility and low toxicity. It is suitable for

textiles, pharmaceutical intermediate, health care products [5] sur-

factants [6], food [7] and cosmetics [8]. However, it was not easy to

extract pure protein from silkworm pupa. The recalcitrance of this

protein, which was almost insoluble and hard to degrade in wa-

ter and most organic solvents, could directly affect the extraction

efficiency [9]. This was due to its high density of hydrogen bonds

and tight packing of the α-helices and β-sheets structure [10]. Ob-

viously, in order to optimally utilize the pupae material and ob-
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tain purified protein, a clean and efficient technology was urgently

needed.

Ionic liquids (ILs), they were composed of cations and anions,

had been used to efficiently dissolve and extract purified materi-

als from natural biomass such as wood, corn stalk and crustacean

shell [11,12]. Meanwhile, many reports had published about the

application of ILs in dissolving natural protein materials such as

wool [13], cocoon silk [14], feather and skin [15]. Phillips et al.

[16] found that silkworm silk could be dissolved in ILs, for exam-

ple [Bmim]Cl, which could disrupt the hydrogen bonding network

in crystalline domains of silk fibroin. The crystal structure of re-

generated film from [Bmim]Cl solution was affected by coagulation

bath and methanol bath would induce the formation of β-sheet

structure. Recently, 3% choline hydroxide IL (CH-IL) solution was

used as the SPP extraction solvent [17]. 64.52% of protein recovery

rate with 90.45% of protein content could be achieved at 40 °C for

1h. However, owing to the unstable characteristic of CH-IL, more

functional ILs were still needed for efficient separation of SPP from

silkworm pupa. As reported by Zheng et al. [18], the dissolution

capability of wool keratin in ILs was significantly affected by inter-

action between cations and anions. In such a case, the α-helix and

β-sheet structures of wool keratin reformed through regeneration.

The above performance of ILs could be ascribed to high polarity
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Fig. 1. SPP extraction process from silkworm pupae by using ILs.

of the ionic structure. The cation of IL, acted as electron accep-

tor, complexed with the carbonyl oxygen in protein chain, while

the anion associated with hydrogen atom of amino [19]. The in-

teraction would disrupt the hydrogen bonds within and between

macromolecules, resulting in the dissolution of protein [9]. The

ability of ILs to disrupt hydrogen bonding provides great possibili-

ties for the separation of SPP from silkworm pupae.

In this work, an imidazolyl-based IL process was explored for

the separation and extraction of SPP from silkworm pupae (Fig. 1).

The process conditions like dissolution time and temperature, as

well as coagulation solvent, were investigated for optimum choice.

The structure-performance relationship of ILs in such application

was also systematically investigated. The properties and structures

of the regenerated protein were characterized by fourier trans-

form infrared spectroscopy (FT-IR), X-ray diffraction analysis (XRD),

solid-state 13C nuclear magnetic resonance spectroscopy (13C NMR)

and thermogravimetric analysis (TGA).

According to our research, ILs had the ability to dissolve

silkworm pupae. The qualitative detection of IL solution was

then conducted to demonstrate the hypothesis that both

the fat and protein, the mainly components of dried silk-

worm pupae, could be dissolved by ILs. Four kinds of ILs

including1-allyl-3-methylimidazolium chloride ([Amim]Cl),

1-octyl-3-methylimidazolium chloride ([Omim]Cl), 1-ethyl-

3-methylimidazolium chloride ([Emim]Cl) and 1-ethyl-3-

methylimidazolium bromine ([Emim]Br) were used to perform

the experiments. Considering the stability and viscosity of ILs,

the temperature was arranged at 80 °C. The dissolution was

stopped after 24h according to the mixture appearance, which

was observed under a light microscope.

By directly testing IL solutions with Coomassie brilliant blue G-

250 method, the color change of Coomassie blue staining solution

(Fig. S1 in Supporting information) confirmed that SPP was dis-

solved in these ILs. The ILs solutions were also extracted with ethyl

ether and then analyzed with ESI MALDI-TOF MS. As the results

presented in Fig. S2 and Table S1 (Supporting information), the

species in the ethyl ether solution mainly consisted of five kinds of

fatty acids including linolenic acid, oleic acid, palmitic acid, linoleic

acid and stearic acid. It confirmed that ILs could dissolve the fat in

silkworm pupae [20].

According to the results above, ILs had the ability to dissolve

both the protein and fat in silkworm pupae. After silkworm pupa

was dissolved into ILs, it was possible to regenerate the protein by

simply pouring the biomass/IL solution into excessive amounts of

coagulation solvent. As fat could also be dissolved by ILs, the fat

content of regenerated protein was affected by experimental con-

ditions.

To compare the role of different coagulation solvents in the ex-

traction of protein, a series of molecular solvents were explored for

Fig. 2. Effect of coagulation solvents on the separation of SPP.

Fig. 3. Effect of dissolution time on the separation of SPP.

[Amim]Cl solution. Solvents like water, methanol, ethanol and ace-

tonitrile were proved that which could effectively precipitate the

protein as light-yellow product, while aprotic acetone and ethyl

acetate failed, owing to the formation of droplets, which were im-

miscible with their respective coagulation bath and resulting in the

protein were not able to coagulate.

Besides, the experimental results in Fig. 2 indicated that the fat

contents of protein regenerated by methanol, ethanol, acetonitrile

and water were 0.3%, 0.2%, 0.6% and 2.6%, respectively. It was likely

due to the first three baths could dissolve much fatter than water,

thus much more fat was dissolved in the coagulation bath rather

than sticking to the regenerated protein [17]. Meanwhile, the data

also suggested that the amount of protein extracted from ethanol

bath could reach 44.9%, higher than those from other baths. It

could be deduced that the stronger polarity of methanol and ace-

tonitrile was unfavorable for the SPP precipitation under certain

conditions. Therefore, ethanol was chosen as optimum precipitator

for regeneration of SPP in such IL-based process.

To test the effect of dissolution time, 0.5 g raw material was

added to 10 g [Amim]Cl and dissolved at 80 °C. After the dissolu-

tion processes, the solution was centrifuged for separation of SPP.

The IL solutions were treated with ethanol, the precipitates were

washed with ethanol for three times. It was observed that both the

dissolution percentage and protein yield increased with the disso-

lution time (Fig. 3). When dissolution time increased from 6h to

96h, the dissolution rate of silkworm pupa increased from 58.6% to

92.6%, and the protein yield increased from 26.7% to 60.4%. Note-

worthily, the fat contents of the regenerated products kept below

0.5%. The residues in all dissolution cases could attribute to that

the complex and compact structure of silkworm pupae powder

prevented ILs invading into its interior structure [17]. In addition,

the yields increased more sharply when the dissolution time in-

creased from 6 to 24h comparing with that from 24h to 96h. This

could be attributed to the results of more perfect crystalline struc-

ture in residue and the increased viscosity of protein solution, re-
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Fig. 4. Effect of temperature on the separation of SPP.

sulting in the increase of mass transfer resistance along with time

[17]. Taking the yield and dissolution time into consideration, an

appropriate dissolution time of 24h was chosen to evaluate the ef-

fect of other process variables on the extraction of protein.

The effect of dissolution temperature was also explored by us-

ing [Amim]Cl for 24h. The regeneration of protein was also con-

ducted through precipitation by ethanol with centrifuge separa-

tion process. As clearly indicated in Fig. 4, with the temperature

increasing from 60 to 130 °C, the dissolution rate increased from

45.0% to 83.5% and the yield of protein increased from 21.5% to

60.6%, and then decreased to 39.5%. The increase of temperature

was favorable for dissolution. High temperature could reduce the

viscosity of IL, thus enhancing the diffusion capacity and solubility.

However, too high of dissolution temperature would lead to more

serious degradation of the macromolecular proteins and the lower

molecular weight degradation products remained in ILs after the

regeneration process. In addition, the fat contents of each exper-

iment were under 0.5%. According to the results above, choosing

90 °C as an optimum temperature for further experiments was ad-

vantageous for the extraction of protein.

By integrating the optimum choices for the separation of SPP

based on IL, the process of dissolution and regeneration of SPP was

established. After dissolving the pupae powder in an IL at 90 °C for

24h, the IL solution was treated with ethanol, precipitating the re-

generated materials which were recovered by centrifugal separa-

tion process.

The previous research had proved that the ILs characteristics

could significantly affect their dissolution and regeneration prop-

erties of biomass [17,21]. Herein, various cations and anions com-

positions of ILs were used to perform the studies.

The anion structure of IL was of great importance on the ex-

traction of protein, and the direct effects had been studied in this

work. Considering the commercial availability and stability, a se-

ries of ILs containing the same [Emim]+ cation and a variety of

anions were selected to conduct the experiments. As displayed in

Fig. 5, for each IL, there was an obvious difference between dis-

solution rate and the protein yield because of the small molecular

protein from the original silkworm pupae and the partly degrada-

tion of SPP in dissolution process. Such protein would probably re-

tain in ILs after the regeneration process. Besides, the fat contents

of the protein regenerated from other ILs were all less than 0.5%.

The data summarized in Fig. 5 also illustrated that the ability of

ILs for the extraction of protein increased in the following order:

NTf2
− < DCA− < Br− < OAc− < DMP− < DEP− < Cl−. It was found

that physicochemical properties of ILs had significant impact on

both the dissolving power of ILs and yield of regenerated protein,

such as the hydrogen bond basicity (β), viscosity and molar vol-

ume (Table 1) of ILs. The yields of protein regenerated from these

ILs were all higher than 40% except [Emim]NTf2 and [Emim]DCA.

The protein yields for the two latter ILs were only 3.3% and 4.3%,

which were too low for the measurement of fat content.

Fig. 5. Effects of the ILs anions on the separation of SPP.

[Emim]NTf2 and [Emim]DCA with β valves less than 0.5 were

less effective agents, indicating that β valve played the major role

in dissolution process although the lower viscosity was favorable

for mass transfer. This was in agreement with the report that the

hydrogen bond basicity β was able to express the ability of ac-

cepting hydrogen bonds [28,29]. Chloridion had a smaller size and

a stronger polar than bromide ion and it was more competent to

participate in breaking down hydrogen bonds in silkworm pupae

powder, thus resulting in that [Emim]Cl had a more efficient ex-

tracting effect (62.6%) than [Emim]Br (44.3%). The ILs with phos-

phate anions, such as [DEP]− and [DMP]−, were proved to pos-

sess tremendous potentiality due to their high β values of 1.0.

In this work, the dissolution rates of silkworm pupae at 90 °C in

[Emim]DEP and [Emim]DMP were 93.4% and 85.4%, respectively,

the yields could reach 56.3% and 54.7%, respectively. [Emim]OAc

also had a high β value of 1.1, it had confirmed which had a strong

power for dissolving chitin and cellulose because of its low vis-

cosity and low melting point [12,30]. In this study, [Emim]OAc ex-

hibited the strongest ability of dissolving the pupa powder as ex-

pected, with the dissolution rate reached up to 95.6% at 90 °C for

24h. However, the yield of extracted protein was only 48.5%, which

was much less than that from [Emim]Cl (62.6%). It could be de-

duced that the stronger basicity of OAc− made it more efficient at

breaking the intra- and intermolecular hydrogen bonds of protein

than Cl− [17,31], but it also caused more degradation of protein at

the same time.

Since Cl− showed the best extracting performance for SPP, a

series of ILs composed of the Cl− anion and different alkyimida-

zolium cations were applied to explore the structure-performance

relationship of cations. Cation was proved to play an important

role in the separation of SPP, but it had lesser influence than the

anion of IL. As shown in Fig. 6, the dissolution rate and yield de-

creased with the increasing length of alkyl chain on the methyl

imidazolium cation. [Emim]Cl led to the maximum dissolution of

90.5% and a highest protein yield of 62.4%, while [Omim]Cl pro-

vided the lowest dissolution of 72.9% and a lowest protein yield

of 42.5%. The decreased dissolution rate of silkworm pupae was

likely due to the growing dynamic viscosity and higher bulkiness

of cations (exhibited as molar volume, Table 2). The ILs with a long

alkyl chain in cation had too high viscosity to dissolve more silk-

worm pupa powder. The bulkiness of cation would increase stereo-

hindrance effect and weaken the hydrogen bonding between pro-

tein and ILs [35,36]. In addition to molar volume, the dynamic vis-

cosity of IL system was also found to be an influencing factor in

limiting the dissolution process. [Amim]Cl also exhibited a good

dissolution capability probably because of its low dynamic viscos-
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Table 1

The physicochemical properties of ILs.

ILs Structures Viscosity (cP) Density (g/cm3) Molar volume (cm3/mol) β

[Emim]Cl 45.16 1.12 124 –

[Emim]DEP 30.17 1.11 1.00

[Emim]DMP 17.53 1.17 192 1.00

[Emim]OAc 10.95 1.06 153 [22] 1.10 [23]

[Emim]Br – – 141 [24] –

[Emim]DCA 4.232 1.06 187 [25] 0.35 [26]

[Emim]NTf2 6.625 1.46 258 [27] 0.23 [26]

The viscosity and density were measure by densitometer and viscometer at 90 °C.

Table 2

Physicochemical properties of ILs containing Cl− as anion.

ILs Structures Viscosity (cP) Density (g/cm3) Molar volume (cm3/mol) β

[Amim]Cl 38.73 1.11 – –

[Emim]Cl 45.16 1.12 124 [32] –

[Bmim]Cl 102.0 1.05 166 [24] 0.95 [33]

[Hmim]Cl 124.4 1.00 195 [34] 0.97 [34]

[Omim]Cl 149.4 0.97 – 0.98 [33]

The viscosity and density were measure by densitometer and viscometer at 90 °C.

Fig. 6. Effects of the IL cations on the separation of SPP.

ity and short sidechain in its cation structure. Furthermore, the fat

contents of the regenerated SPP were all below 0.5%.

The abovementioned SPP were characterized and made qual-

ity analysis by using FT-IR, XRD, solid state 13C NMR and TGA

methods. The FT-IR spectra of silkworm pupa and the materials

obtained from typical method and protein/IL solutions were com-

Fig. 7. FT-IR of (a) silkworm pupa, obtained SPP materials by (b) typical method,

(c) [Amim]Cl, (d) [Omim]Cl, (e) [Hmim]Cl, (f) [Bmim]Cl, (g) [Emim]Cl, (h) [Emim]Br,

(i) [Emim]DEP, (j) [Emim]DMP, (k) [Emim]OAc.

pared in Fig. 7. In all these spectra, the characteristic absorption

bands could be predominantly indexed to peptide bonds (-CONH)

in protein, labeled as Amide A, Amide I, Amide II and Amide III.

The peak at 3292–3300 cm−1 was ascribed to N–H stretching vi-

bration (Amide A). The Amide I at approximately 1652–1658 cm−1

was related to C=O stretching vibration, with a strong absorption
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Fig. 8. XRD patterns of (a) silkworm pupa; obtained SPP from (b) traditional

method, (c) [Emim]Cl, (d) [Bmim]Cl, (e) [Hmim]Cl, (f) [Omim]Cl, (g) [Emim]Br, (h)

[Emim]DEP, (i) [Emim]DMP, (j) [Emim]OAc.

[17]. Another strong absorption bond at 1527–1538 cm−1 mainly

represented N–H bending and C–N stretching vibrations (Amide II).

The protein Amide III at 1228–1238 cm−1 corresponded to the C–O

and C–N stretching vibrations, N–H and O=C–N bending vibrations

[17]. There was no obvious difference between the spectra of raw

material and obtained SPP from different methods. The close simi-

larity of these spectra indicated that the main structure of protein

was maintained after the dissolution and regeneration processes.

In order to further compare the characteristics of regenerated

protein products, the crystal structures of raw material and the

proteins regenerated from typical method and IL method were ex-

amined by XRD. As shown in Fig. 8, the raw material displayed a

small 2θ peak was at about 27°, which was indexed as a peak of

the crystal structure in chitin. The 2θ peak at about 9° was mostly

contributed from the α-helix structure of protein and the band at

around 20° was mainly indexed as β-sheet structure [16,37]. The

absence of peak at 27° in spectra of regenerated materials con-

firmed the high purity of regenerated protein [16,37]. All the sam-

ples showed typical diffraction patterns of α-helix and β-sheet,

which meant the maintenance of the two types of structures in

regenerated protein. It could also clearly observed that β-sheet

showed a higher intensity than α-helix in all spectra. However,

each regenerated protein exhibited a decrease in the intensity of

β-sheet comparing with raw material or obtained protein from the

typical method. It indicated that the crystalline structure of protein

in raw material had been disrupted during dissolving process. As

is known, the stability and resistance to dissolution of SPP are the

consequences of the tight packing of the α-helices and β-sheets

that presented in the polypeptide structure. Meanwhile, the de-

struction of β-sheet structure and the decrease of crystallinity con-

tributed to the dissolubility and the further application of SPP.

Solid state 13C NMR was used to further study the local struc-

ture of regenerated protein. The 13C NMR results were collected in

Fig. 9. All the spectra of regenerated protein showed similar char-

acteristic peaks to that of raw material, indicating that the feature

structures of SPP were maintained after the dissolution and re-

generation process. There were several distinct regions as shown

in Fig. 9. The maximal chemical shift at about 172ppm was at-

tributed to the C=O present in protein. The broader peak at about

50–54ppm was due to α-carbon, while the signal at 38–40ppm

was the contribution from β-carbon mainly in leucine. The peaks

with lower chemical shifts at 19ppm, 24ppm and 29ppm were as-

signed to alkyl groups of the side chains [38,39].

It was known that the secondary structure of protein is consti-

tuted of α-helix and β-sheet [40]. They had a slightly difference in

chemical shift of the C=O group when measured by 13C NMR [38].

For the purpose of further assessing the changes in regenerated

protein, the C=O peak divided into two peaks at about 171ppm

and 174ppm as displayed in Fig. 10. Chemical shift in the region of

Fig. 9. The 13C NMR spectra of (a) silkworm pupa; obtained SPP from (b) traditional

method, (c) [Amim]Cl, (d) [Omim]Cl, (e) [Hmim]Cl, (f) [Bmim]Cl, (g) [Emim]Cl, (h)

[Emim]DEP, (i) [Emim]DMP, (j) [Emim]OAc, (k) [Emim]Br.

Table 3

Silkworm pupa and the obtained SPP secondary structure analysis.

Sample Components Fraction

(± 5%)

Chemical shift

(± 0.2 ppm)

Silkworm pupa α-helix 51 173.4

Random coil+β sheet 49 170.9

Regenerated protein

from [Amim]Cl

α-helix 36 173.7

Random coil+β sheet 64 170.9

Regenerated protein

from [Emim]Cl

α-helix 33 173.6

Random coil+β sheet 67 171.0

Regenerated protein

from [Hmim]Cl

α-helix 38 173.9

Random coil+β sheet 62 171.0

Regenerated protein

from [Emim]DMP

α-helix 27 173.8

Random coil+β sheet 73 171.2

Regenerated protein

from [Emim]DEP

α-helix 33 174.2

Random coil+β sheet 67 171.3

∼174ppm could be ascribed to α-helix structure, while the peak at

∼171ppm was related to both β-sheet and random coil structures.

By peak-differentiating and imitating the line shape of C=O, the

corresponding fraction of α-helix and β-sheet combining with ran-

dom coil random could be calculated for each sample. As recorded

in Table 3, it was clear that each protein product displayed a de-

crease in fraction of the α-helix and an increase in fraction of the

β-sheet combining with random coil comparing with the raw ma-

terial. The results proved that IL disrupted the crystalline structure

of the protein in raw material during the dissolving process, and

further promoted the formation of β-sheet and random coil struc-

tures during the regeneration process. These results were consis-

tent with the results of SPP XRD spectra analysis.

The thermodynamic stabilities of silkworm pupa and the ob-

tained proteins were analyzed by using TGA method (Fig. S3 in

Supporting information). Two weight loss stages could be found in

all spectra. The weight loss of raw material and regenerated pro-

tein was about 7% at near 100 °C, which could be attributed to

the evaporation of residual water in the samples. The decompo-

sition temperatures (Td) of SPP were between 200 °C and 400 °C
as shown in Table S2 (Supporting information). It showed that the

obtained SPP materials had better thermal stability than silkworm

pupa material (Td of silkworm pupa material about 257 °C) [16,37].
Comparing with the reported alkali solubilization–acid precipi-

tation strategy [17], this work presented high SPP extraction effi-

ciency with 90.5% silkworm pupa dissolution and 62.6% SPP yield

by using [Emim]Cl at 90 °C for 24h. There was no traditional in-

organic acid and alkali used in this work, it also showed an en-

vironmental strategy that conscious alternative to traditional sol-

vents. In addition, Zeng et al. reported a method for extraction SPP

by using choline hydroxide (CH-IL) [17], the SPP extraction rate is
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Fig. 10. The 13C NMR spectra of (a) silkworm pupa and the regenerated protein from (b) [Amim]Cl, (c) [Emim]Cl, (d) [Hmim]Cl, (e) [Emim]DEP, (f) [Emim]DMP solutions.

64.52% with 90.45% protein content at 40 °C for 1h. It exhibited

a similar result for the SPP extraction efficiency with our research

work that 62.6% SPP extraction rate. However, the protein content

of obtained SPP is up to 99.5% in this work, higher purity of SPP

could be obtained comparing with the CH-IL strategy.

In conclusion, efficient separation of SPP could be achieved by

using [Emim]Cl at 90 °C for 24h with ethanol as the regeneration

solvent in this work. The research proved that the cations and an-

ions of ILs both had an important influence on the separation of

SPP from silkworm pupa, while the anions of ILs played a more

significant role than cations. ILs with high hydrogen bond basic-

ity (β), short alkyl sidechain in cations and low viscosity had a

better efficiency for separation of SPP. The obtained SPP materials

showed a decreased polypeptide chain, crystallinity and the frac-

tion of α-helix, but with little chemical changes of composition.

This work provided one kind of efficient strategy for separation of

SPP from silkworm pupa by using ILs at mild conditions, which

showed good scale application potential for the utilization of silk-

worm pupae materials by using IL-based method.

Declaration of competing interest

The authors declare that they have no known competing finan-

cial interests or personal relationships that could have appeared to

influence the work reported in this paper.

Acknowledgments

This research was supported financially by the National Natural

Science Foundation of China (Nos. 81673400 and 21878292). We

thank Prof. Suojiang Zhang (Institute of Process Engineering, Chi-

nese Academy of Sciences) for helpful discussion.

Supplementary materials

Supplementary material associated with this article can be

found, in the online version, at doi:10.1016/j.cclet.2022.04.072.

References

[1] D. Jung, J. Lee, T.Y. Park, Y.J. Yang, H.J. Cha, Acta Biomater. 136 (2021) 56–71.

[2] G. Sathishkumar, N. Felix, E. Prabu, Aquacult. Nutr. 27 (2021) 2786–2797.
[3] E.N. Brogan, Y.L. Park, K.E. Matak, J. Jaczynski, LWT Food Sci. Technol. 152

(2021) 112314.

[4] S. Ojha, A.E.D. Bekhit, T. Grune, O.K. Schluter, Curr. Opin. Food Sci. 41 (2021)
240–248.

[5] X.Y. Long, X. Zhao, W. Wang, et al., J. Sci. Food Agric. 99 (2019) 2974–2986.

[6] B.A. Ding, L.Z. Wan, Y.Q. Zhang, J. Surfactants Deterg. 20 (2017) 1173–1187.
[7] X.L. Wu, K. He, T.C. Velickovic, Z.G. Liu, Food Sci. Nutr. 9 (2021) 4655–4665.

[8] R. Reddy, Q.R. Jiang, P. Aramwit, N. Reddy, Trends Biotechnol. 39 (2021)
706–718.

[9] Z.L. Zhang, Y. Nie, Q.S. Zhang, et al., ACS Sustain. Chem. Eng. 5 (2017)
2614–2622.

[10] Y. Zhang, M.Y. Tang, Z.M. Dong, et al., Int. J. Biol. Macromol. 149 (2020)

1000–1007.
[11] B. Zhao, L. Jiang, Q. Jia, Chin. Chem. Lett. 33 (2022) 11–21.

[12] C.G. Wang, S.Q. Yang, X.B. Song, et al., Adv. Sustain. Syst. 4 (2020) 2000085.
[13] Y.W. Liu, S. Jing, D. Carvalho, et al., ACS Sustain. Chem. Eng. 9 (2021)

4102–4110.
[14] C.M. Srivastava, R. Purwar, A. Gupta, D. Sharma, Mater. Sci. Eng. C: Mater. 75

(2017) 104–114.

[15] M. Rajabi, A. Ali, M. McConnell, J. Cabral, Mater. Sci. Eng. C: Mater. 110 (2020)
110612.

[16] D.M. Phillips, L.F. Drummy, D.G. Conrady, et al., J. Am. Chem. Soc. 126 (2004)
14350–14351.

[17] Q.L. Zeng, N. Zhang, Y.Y. Zhang, et al., J. Asia Pac. Entomol. 24 (2021) 363–368.
[18] S.S. Zheng, Y. Nie, S.J. Zhang, X.P. Zhang, L.J. Wang, ACS Sustain. Chem. Eng. 3

(2015) 2925–2932.

[19] Z. Meng, X. Zheng, K. Tang, et al., Int. J. Biol. Macromol. 51 (2012) 440–448.
[20] B. Hu, C. Li, Z.Q. Zhang, et al., Food Chem. 231 (2017) 348–355.

[21] S.Q. Yang, X.M. Lu, Y.Q. Zhang, et al., Cellulose 25 (2018) 3241–3254.
[22] Z. Mousavi, M. Pirdashti, A.A. Rostami, E.N. Dragoi, Int. J. Thermophys. 41

(2020) 64.
[23] A. Jelicic, F. Koehler, A. Winter, S. Beuermann, J. Polym. Sci. Polym. Chem. 48

(2010) 3188–3199.
[24] X. Sun, J.L. Anthony, J. Phys. Chem. C 116 (2012) 3274–3280.

[25] P. Scovazzo, J. Membr. Sci. 355 (2010) 7–17.

[26] C. Chiappe, C.S. Pomelli, S. Rajamani, J. Phys. Chem. B 115 (2011) 9653–9661.
[27] S.S. Moganty, R.E. Baltus, Ind. Eng. Chem. Res. 49 (2010) 5846–5853.

[28] J.M. Yang, X.M. Lu, X.Q. Yao, et al., Green Chem. 21 (2019) 2777–2787.
[29] M.M. Hossain, A. Rawal, L. Aldous, ACS Sustain. Chem. Eng. 7 (2019)

11928–11936.
[30] J.M. Yang, X.M. Lu, X.M. Liu, et al., Green Chem. 19 (2017) 2234–2243.

[31] P. Halder, S. Kundu, S. Patel, et al., Renew. Sustain. Energy Rev. 105 (2019)

268–292.
[32] A.R.S. Christabel, A. Ramalingam, D.J.P.M. Reji, S. Nagaraj, S. Ravichandran, J.

Chem. Eng. Data 65 (2020) 446–476.
[33] R. Lungwitz, V. Strehmel, S. Spange, New J. Chem. 34 (2010) 1135–1140.

[34] T. Mendez-Morales, J. Carrete, O. Cabeza, L.J. Gallego, L.M. Varela, J. Phys. Chem.
B 115 (2011) 11170–11182.

[35] Y. Li, J.J. Wang, X.M. Liu, S.J. Zhang, Chem. Sci. 9 (2018) 4027–4043.

[36] Y. Li, X.M. Liu, Y.Q. Zhang, K. Jiang, J.J. Wang, S.J. Zhang, ACS Sustain. Chem.
Eng. 5 (2017) 3417–3428.

[37] P. Battampara, T.N. Sathish, R. Reddy, et al., Int. J. Biol. Macromol. 161 (2020)
1296–1304.

[38] Y.R. Ji, L. Xu, Q.Q. Xu, et al., Appl. Biochem. Biotech. 194 (2022) 1290–1302.
[39] H. Yagi, S. Yanaka, R. Yogo, et al., Biomolecules 10 (2020) 1482.

[40] T. Attaribo, G.Q. Huang, X.D. Xin, et al., Food Funct. 12 (2021) 4132–4141.

6




