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A B S T R A C T   

This work demonstrated a successful strategy that simple ionic liquids (ILs) mediated pretreatment could 
effectively reduce crystallinity of cellulose from 71 % to 46 % (by C2MIM.Cl) and 53 % (by C4MIM.Cl). The IL- 
mediated regeneration of cellulose greatly promoted its reactivity for TEMPO-catalyzed oxidation, which the 
resulting COO− density (mmol/g) increased from 2.00 for non-IL-treated cellulose to 3.23 (by C2MIM.Cl) and 
3.42 (C4MIM.Cl); and degree of oxidation enhanced from 35 % to 59 % and 62 %, respectively. More signifi-
cantly, the yield of oxidized cellulose increased from 4 % to 45–46 %, by 11-fold. IL-regenerated cellulose can 
also be directly subjected to alkyl/alkenyl succinylation without TEMPO-mediated oxidation, producing nano-
particles with properties similar to oxidized celluloses (55-74 nm in size, − 70–79 mV zeta-potential and 
0.23–0.26 PDI); but in a much higher overall yield (87–95 %) than IL-regeneration-coupling-TEMPO-oxidation 
(34–45 %). Alkyl/alkenyl succinylated TEMPO-oxidized cellulose showed 2–2.5 times higher ABTS* scavenging 
ability than non-oxidized cellulose; however, alkyl/alkenyl succinylation also resulted in a significant decline in 
Fe2+ chelating property.   

1. Introduction 

Cellulose is the most abundant naturally occurring biopolymer with 
an annual production of 1.5 × 1012 tons [1]. Due to its unique renew-
ability, biocompatibility, biodegradability, and chemical modifiability, 
cellulose as a kind of natural materials having huge industrial applica-
tion potential, has attracted increasing attention from industry sectors 
and scientific community. To produce cellulose-based value-added ma-
terials, chemical/enzymatic modification and derivation of cellulose are 
necessary to cartelize their properties for demanded applications. Cel-
lulose is composed of repeated units of anhydroglucose linked by 1–4 
glycosidic linkages [2]. Based on the reaction of the free hydroxyl groups 
in the anhydroglucose units available for functionalization, derivatiza-
tion processes, such as oxidation, esterification, etherification, and 
succinylation could endow cellulose with different functionalities for a 
broad range of applications. Succinylation, which incorporates hydro-
phobic alkyl/alkenyl succinyl groups into hydrophilic biopolymer, 
could produce amphiphilic biopolymer-based emulsifiers. Water-soluble 
polysaccharides including starch [3–7] or protein [8–13] after the 

succinylation could significantly improve their emulsifying ability 
thanks to the enhanced amphiphilic balance achieved by alkyl/alkenyl 
succinylation [14–17]. However, the studies on alkyl/alkenyl succiny-
lation of cellulose were rarely reported. Natural cellulose’s inherent 
insolubility in water and most organic solvent solutions is a major 
obstacle as to engender such a reaction for cellulose modification is 
challenging [18]. Cellulose is also a kind of high-crystalline fibril that is 
assembled by the entanglement of microfibril chains with one another 
via extensive intra- and inter-chain hydrogen bonds and van der Waals 
forces [19–21]. As a result, efficient decrystallization of cellulose to 
reorganize the inter- and intra-molecular network is a highly desirable 
process essential for cellulose modification. 

Ionic liquids (ILs) mediated regeneration as the emerging green 
process for deconstruction of cellulose network has gained widespread 
acceptance [22] due to their low vapor pressure, property-tunability, 
and recyclability as green solvents. The regeneration of cellulose via 
ionic liquid dissolution could cause the structural rearrangement of 
cellulose in terms of crystalline structure and surface morphology, 
which influences the efficiency of following modification of cellulose 
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including TEMPO-mediated oxidation and succinylation [23–25]. The 
capacity of ILs to dissolve cellulose might be ascribed to successful 
breaking of inter- and intra-molecular hydrogen bonds presented in 
cellulose, where the anions and cations of ILs penetrate and interact with 
hydroxyl proton or oxygen, respectively as shown in Fig. S1. 
Imidazolium-based ionic liquids including 1-butyl-3-methylimidazo-
lium hydrogen sulfate, 1-butyl-3-methylimidazolium chloride, and 1- 
ethyl-3-methylimidazole chloride were more classical ILs used for cel-
lulose dissolution [25–27], due to their ease of production from low-cost 
starting materials with high yields. Not surprisingly, the dissolving ca-
pacity of chloride-anion paired ionic liquids decreased as the chain 
length of the cationic moieties increased ([C4mim]Cl > [C6mim]Cl >
[C8mim]Cl) [25–27]. Therefore, [C4mim]Cl and [C2mim]Cl were stud-
ied in this work. 

Furthermore, TEMPO ((2,2,6,6-Tetramethylpiperidin-1-yl)oxyl)- 
mediated oxidation is one of the most studied methods to introduce 
carboxyl group and decrystallize cellulose [21]. In a typical TEMPO- 
NaClO-NaBr oxidation system, the hydroxyl groups at C6 of cellulose 
conversed into carboxyl groups. The negatively charged cellulose chains 
have a strong electronic repulsion, thus strengthening the delamination 
of cellulose [21]. Various functionalities containing hydrophilic groups 
and aromatic amino acid groups can be further added to delaminate 
cellulose after TEMPO-Mediated Oxidation [28–30]. However, the yield 
of water-soluble sodium oxidized cellulose from the TEMPO-mediated 
oxidation was generally very low (less than 10 wt%) [31], which 
limited its further applications. Some studies utilise the 4-acetamide- 
TEMPO/NaClO/NaClO2 system to produce a 20-33 wt% water-soluble 
fraction with high carboxyl content at pH 4.8. Comparable with the 
system at acid conditions [32–35], our hypothesis is that the assistance 
of ionic liquid mediated regeneration may overcome the low-yield 
problem for oxidation of cellulose, and even endow some enhanced 
properties to the oxidized cellulose. 

In this work, the regeneration of cellulose by ionic liquids [C4mim]Cl 
and [C2mim]Cl as pre-treatment with (Two-step) or without (One-step) 
TEMPO-Mediated Oxidation post-treatment was investigated to depo-
lymerize and functionalize cellulose. The resulting regenerated and 
oxidized celluloses were further functionalized via reaction with 2-dode-
cen-1-yl succinic anhydride (SAC12). This hydrophobic modification 
converted cellulose material into value-added emulsifiers that are 
effective for the delivery of nutritious ingredients or grease drugs, which 
presents a promising technology option for processing cellulose into 
highly functionalized materials for multi-purpose applications. 

2. Materials and methods 

2.1. Materials 

Avicel® PH-101 cellulose (approx. particle size of 50 μm), 2, 2, 6, 6- 
tetramethylpiperidine 1-oxyl (TEMPO), (2,2′-azino-bis(3-ethyl-
benzothiazoline-6-sulfonic acid)), sodium bromide, sodium hypochlo-
rite solution (10–15 % in water), 1-ethyl-3-methylimidazolium chloride 
[C2mim]Cl and 1-Butyl-3-methylimidazolium chloride [C4mim]Cl, 2- 
dodecen-1-yl succinic anhydride (SAC12) were purchased from Sigma- 
Aldrich (Søborg, Denmark). Refined bleached fish oil was procured 
from local supermarket. Other chemicals used as received were pur-
chased from Sigma-Aldrich (Søborg, Denmark). The water used in this 
project was MilliQ water. 

2.2. Preparation of pretreated celluloses 

2.2.1. Preparation of regenerated cellulose (RC) 
Avicel® PH-101 cellulose (0.5 g) was dispersed in 5 g ionic liquid, 

namely 1-ethyl-3-methylimidazolium chloride [C2mim]Cl and 1-Butyl- 
3-methylimidazolium chloride [C4mim]Cl at 90 ◦C for 4 h to produce 
regenerated cellulose, and then regenerated cellulose were washed by 
deionized water to remove the ionic liquids. To totally remove the ionic 

liquid, the dialysis of the regenerated celluloses pretreated by [C2mim] 
Cl (RC2) and by [C4mim]Cl was performed twice for 24 h each times. 
After dialysis, the final regenerated cellulose was dehydrated by freeze- 
drying for 72 h. 

2.2.2. Preparation of TEMPO-mediated oxidized regenerated cellulose 
product (TRC) 

Regenerated cellulose by [C4mim]Cl (RC4)and [C2mim]Cl (RC2)pre- 
treatment (0.5 g) was dispersed in 500 mL water, followed by 0.25 g 
TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl radical) and 2.5 g sodium 
bromide (NaBr). Then, 33.2 mL of 37 % sodium hypochlorite solution 
(NaClO) was added to initiate the TEMPO-mediated oxidation. The re-
action was kept running at pH 10 by continuous titration of 0.5 M so-
dium hydroxide (NaOH); until the pH of the reaction system remained 
unchanged (record the reaction time), 33.2 mL 96 % ethanol was then 
added to terminate the oxidation. After 10 min of centrifugation at 4000 
rpm, the supernatant was collected and then poured into 500 mL ethanol 
to precipitate oxidized cellulose. After dialyzing for 24 h to remove 
unreacted TEMPO, NaBr, and NaClO, the final product of oxidized cel-
lulose was freeze-dried for 72 h. 

2.3. Characterization of depolymerized cellulose products (RC and TRC) 

2.3.1. Confirmation of crystalline properties by X-ray powder diffraction 
(XRD) 

Wide-angle X-ray diffraction (Shimatzu diffractometer, XRD 6100, 
Kyushu, Japan) was operated to examine the crystalline structures of the 
samples at 20 kV and 5 mA. The scanning angle range used for contin-
uous scanning was 5–40◦. The relative crystallinity derived from the 
crystallinity index (CrI) can be calculated using the formula below 
(cellulose I: Eq. (1) [36], cellulose II: Eq. (2) [37]) 

CrI =
I200 − Iam

I200
× 100% (1)  

CrI =
I110 − I15

I110
× 100% (2)  

where I200 and I110 is the diffractogram height of (200) peak or cellulose 
I, (110) peak for cellulose II in this study), and Iam and I15 is the height of 
the amorphous background (2θ = 19.0◦ for cellulose I, 2θ = 15◦ for 
cellulose II in this study), respectively. 

2.3.2. Confirmation of structure change of TRC by Fourier-transform 
infrared spectroscopy (FTIR) 

FTIR spectra were recorded in absorbance mode in the range of 
4000–650 cm− 1 region at a resolution of 4 cm− 1, using a Q-interline 
QFAflex spectrometer (Trølløse, Denmark) equipped with a deuterium 
triglycine sulfate detector. The samples were mounted in their pure solid 
form in a Pike attenuated total reflectance (ATR) device at 25 ◦C, and the 
spectra were ratioed against a single-beam spectrum of the clean ATR 
crystal. 

2.3.3. Degree of oxidation (DO) of TRC 
The degree of oxidation was determined by using a complex metric 

titration with EDTA reported by Zhang et al. [38] with some modifica-
tions. The TOC was weighed (200 mg) and suspended in 40 mL MilliQ 
water in a 100 mL flask. 20 mL 1 % CuSO4 solution was added and then 
stirred at 400 rpm for 30 min. After centrifugation at 4000 rpm for 10 
min, the precipitant was collected. Then the precipitant was dissolved or 
suspended in 8 ml MilliQ water with the addition of 1 mL 5 % aqueous 
ammonia solution. 

A mixture of murexide: NaCl (1:90) as the indication of titration was 
added and 0.01 M EDTA solution was used to subsequently titrate with 
tetra ammine copper complexion. When the color is changed from or-
ange to purple and kept being purple, the titration should be stopped. 

The degree of oxidation was calculated according to: 

Z. Li et al.                                                                                                                                                                                                                                        
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DO =
162*2*V*c*f

m − 36*2*V*c*f
× 100  

where V is the used volume of EDTA solution, c is the concentration of 
EDTA solution, f is the factor of the EDTA solution, and m is the weight of 
ITOC. 36 is the molar mass difference of carboxyl cellulose and 162 is 
the molar mass of an anhydroglucose unit. 

2.3.4. Scanning electron microscopy (SEM) of RC and TRC 
The SEM images of all samples were taken with a Hitachi 

TM3030PLUS TABLETOP MICROSCOPE (Japan) at a voltage of 20 kV 
and a magnification of (200) and (800).All samples were freeze-dried 
before being measured. 

2.4. Preparation of alkyl/alkenyl succinylated RC-based or TRC-based 
products 

The RC [39] or TRC was succinylated with 2-dodecen-1-yl succinic 
anhydride (SAC12) with inspiration from a previously reported method 
[14]. 99 mg TRC or 81 mg RC was dispersed or dissolved in 10 mL water 
in 15 ml glass vials, followed by the addition of 932 mg SAC12. During 
the reaction, the pH was adjusted continuously to maintain at 7.00 ± 0.1 
using 0.1 M NaOH. After 4 h, centrifugation at 4000 rpm for 10 min at 
20 ◦C was performed to collect the supernatant. After freeze-drying for 
48 h, 40 ml acetone was added to the dried samples to remove the 
remaining SAC12. The final product was obtained after removal of 
acetone at room temperature for 24 h. 

2.5. Characterization of succinylated RC-based or TRC-based products 

2.5.1. Confirmation of succinylation by FTIR 
FTIR spectra were recorded in absorbance mode in the 4000–650 

cm− 1 region at a resolution of 4 cm− 1, using a Qinterline QFAflex 
spectrometer equipped with a deuterium triglycine sulfate detector. The 
samples were mounted in their pure solid form in a Pike attenuated total 
reflectance (ATR) device at 25 ◦C, and the spectra were ratioed against a 
single-beam spectrum of the clean ATR crystal. 

2.5.2. Static drop shape analysis 
Contact angle measurements using static axisymmetric drop shape 

mode were done to assess the interfacial tension-lowering impact of 
samples including RC2-SAC12, RC4-SAC12, TRC2-SAC12, TRC4-SAC12. 

Oil was dropped on the glass surface to produce an oil surface for two 
days. A Krüss DSA10 goniometer was used to investigate the contact 
angles of drops (10 ± 1 μL) of an aqueous solution of a sample with 0.3 
wt% concentration on the oil surface. The surface-drop contact angles 
were determined approximately 15 s after the drops were placed on the 
non-polar oil surface. The contact angles were measured at room tem-
perature with three determinations for each sample. 

2.5.3. Scanning electron microscopy (SEM) 
The SEM images of all samples were taken using a Hitachi 

TM3030PLUS TABLETOP MICROSCOPE (Japan) at a voltage of 20 kV 
and a magnification of (200) and (800). All samples were freeze-dried 
before being measured. 

2.6. Application of succinylated compounds in oil-in-water emulsions 

RC2-SAC12, RC4-SAC12, TRC2-SAC12, and TRC4-SAC12 were dis-
solved in water as an aqueous fraction and were mixed with 10 wt% fish 
oil. To fabricate the emulsion, they were ultrasonically homogenized in 
an ice bath for 5 min with 4 cycles and 57 % power using a high-intensity 
ultrasonic cell disruptor (UW 2200, BANDELIN SONOPULS). To prevent 
microorganisms from growing at room temperature, 0.02 wt% sodium 
azide was added. 

2.6.1. Confocal laser scanning microscopy (CLSM) 
The droplet dispersion of the emulsions was visualized via confocal 

laser scanning microscopy (Zeiss LSM780). To photograph the lipid 
phase and aqueous phase, 1 mL emulsions were mixed with Nile red 
solution (10 L, 1 mg/mL in acetone) and Rhodamine 6G (10 L, 1 mg/mL 
in water). The fluorescence emission intensity of Nile red and Rhoda-
mine 6G molecules was collected across 539–753 nm for Nile red mol-
ecules and over 517–696 nm for Rhodamine 6G molecules, respectively. 
Zeiss LSM Image Browser software was used to analyze the images. 

2.6.2. Emulsion characteristics (average droplet size) 
At 25 ◦C, Zetasizer Nano ZS (Malvern Instruments, Worcestershire, 

UK) was used to assess particle size. The emulsions were diluted with 
deionized water (1:500). DLS measured the size distribution of emulsion 
droplets via non-invasive backscatter optics. Three measurements were 
analyzed separately. 

Fig. 1. a). FTIR spectra of cellulose, tempo-mediated oxidized regenerated cellulose by [C2mim][Cl] and[C4mim][Cl](TRC2, TRC4); b) X-ray diffraction curves of 
Cellulose, Regenerated cellulose by [C2mim][Cl] and [C4mim][Cl](RC2 and RC4), tempo-mediated oxidized Cellulose(STOC), tempo-mediated oxidized regenerated 
cellulose by [C2mim][Cl] and[C4mim][Cl] (TRC2 and TRC4). 
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2.7. Antioxidant activity 

2.7.1. ABTS radical scavenging 
To evaluate the ability of samples to scavenge ABTS (2,2′-azino-bis 

(3-ethylbenzothiazoline-6-sulfonic acid)) radicals (ABTS*), an analysis 
was performed according to Li et.al [40]. By combining equal amounts 
of 7 mM ABTS and 2.45 mM K2S2O8 in deionized water, followed by a 
24-h dark incubation, it was achievable to partially oxidize ABTS using 
K2S2O8. After diluting the resulting ABTS* solution in deionized water, 
the final absorbance measured at A734nm was 0.7000 ± 020. Samples 
were dissolved in water to a concentration of 25 mg/mL.50 mL of this 
solution was then carefully mixed with 1 mL of ABTS* solution. The 
decrease in absorbance at 734 nm was detected throughout a 30-min 
period at room temperature. The equation ABTS Scavenging(%) =
(AINITIAL − As) / AINITIAL * 100 % was used to calculate the percentage of 
ABTS* that was scavenged. INITIAL stands for the absorbance at the 
beginning of the reaction (A734nm = 0.7000.020), and AS stands for the 
absorbance after a specific amount of time with a specific concentration 
of saccharide. For each sample, two sets of spectrophotometric data 
were collected and two sets of samples were analyzed. 

2.7.2. Ferrous chelating ability test 
Iron chloride (3 mM), ferrozine (3 mM), and 300 μL of the sample 

solution were combined for the Fe+2 chelating activity experiment [41]. 
The absorbance was taken at 562 nm after 10 min. In place of the sample 
solution, 300 μL of water was used to create the control sample. The 
formula used to determine the amount of Fe+2 chelating activity is as 
follows: Fe+2 chelating activity (%) = (Ac − As) * 100 / Ac, where Ac is 
the absorbance of the control and As is the absorbance of the sample. 

3. Results and discussion 

3.1. Characterization of regenerated Cellulose (RC and TRC) 

3.1.1. Characterization of oxidized TRC 
TEMPO-mediated oxidized regenerated cellulose by ionic liquids 

(TRC2 and TRC4) was characterized by FTIR, carboxyl content, degree 
of oxidation, SEM, and XRD. The selective oxidation of alcoholic hy-
droxyls on cellulose bone into carboxylate groups at the C6 position was 
effectively catalyzed by TEMPO as shown in Fig. S2 [42], evidenced by 
change of FTIR absorption peaks. In the FTIR spectra of TRC2 and TRC4 
(Fig. 1a), the obvious peak at 1588 cm− 1 appeared, compared with 
cellulose’s spectrum. It is assigned as the C––O stretching vibration of 
carboxylate groups [43–45].The carboxyl content and degree of oxida-
tion of TRC2 and TRC4 were determined by NaOH titration, and Soluble 
TEMPO-mediated oxidized cellulose (STOC) without ionic liquid pre-
treatment was studied as a comparison (Table 1). STOC presented 35 % 
of the degree of oxidation and 2.00 mmol COO− /g of the carboxylate 
content. The carboxyl content and the degree of oxidation was quite 
higher than the values in other studies of different TEMPO systems 
(lower than 1.7 mmol/g) [31,42,46,47], which may contribute to the 
higher NaClO dosage in the reaction [48]. After ionic liquid pretreat-
ment, the carboxylate content enhanced significantly, namely, 3.23 

mmol COO− /g (TRC2) and 3.42 mmol COO− /g (TRC4). Encouragingly, 
the degree of oxidation (59–62 %) enhanced 1.7 times compared to the 
one of STOC without ionic liquid pretreatment (35 %). This may 
contribute to IL-mediated depolymerization or inter-chain dissociation, 
including decreased molecular weight, decreased crystallin index and 
depolymerized structure; which make the cellulose molecules more 
accessible to TEMPO oxidation reagent. The enhanced carboxylate 
contents could endow TRC2 and TRC4 with strong electrostatic repul-
sion between charged cellulose chains, thereby facilitating the delami-
nation of cellulose [42,49–51]. In addition, β-eliminations and the 
effects of the cleavage unit of anhydroglucose induced by hydroxyl or 
other active radicals during the oxidation may also promote cellulose 
delamination [52,53]. 

Another thing worth mentioning is the increased water-soluble 
fraction product yield after the ionic liquid dissolution regeneration. 
The yield of water-soluble fabrication from the TEMPO-mediated 
oxidation was generally very low (4.04 ± 0.04 %) based on the orig-
inal cellulose [31], which limited its further applications. The high- 
crystalline structure of cellulose with high molecular weight (39,000 
g/mol, data provided by Sigma-Aldrich) and high crystalline index made 
cellulose chains hard to access by the oxidant reagent and produced 
more water-insoluble fractions with high-crystallin structure. For IL- 
regenerated cellulose, up to 46.55 ± 1.91 % (RC2) and 46.55 ± 1.91 
(RC4) yield of water-soluble fractions were achieved. Compare with the 
reported high water-soluble fraction yield achieved by other methods, 
such as 20-33 wt% in 4-acetamide-TEMPO/NaClO/NaClO2 system 
[32–35], ionic liquid-mediated regeneration achieved a even higher 
yield, which may be ascribed to the penetration and depolymerization 
by ILs, resulting in changes of molecular weight, morphology, and 
crystalline index. Some of cellulose molecules may be degraded to short 
molecules during by IL interaction and dissociation [16,54]. The crys-
talline index significantly decreased (Fig. 1 and Table 1), and more 
amorphous broken structures in the morphology image observed 
(Fig. 3). Besides, the shortened oxidation reaction time of regenerated 
cellulose (1.81 ± 0.60 h or 1.18 ± 0.36 h), compared with the one of 
cellulose (3.90 ± 0.21 h), could save the reaction time in practical in-
dustrial applications. 

3.1.2. XRD of RC and TRC 
High crystalline structure of cellulose, as well as strong intermolec-

ular and intramolecular hydrogen bonding, are thought to be respon-
sible for its innate resistance to subsequent succinylation modification 
[55]. Fig. 1b and Table 2 illustrated the possible change of the crystal-
line structure after several decrystallization processes. Basically, the 
cellulose crystal I exist in nature cellulose without any treatment, 
whereas the crystal pattern of cellulose may change depending on 
different treatments. Crystal I (with twice the hydroxymethyl group 
conformation and two intramolecular hydrogen bonds along the 
glycosidic linkage) is made up of parallel chains of hydrogen-bonded 
sheets that stack on top of each other due to van der Waals in-
teractions, whereas Crystal II (with twice the hydroxymethyl group 

Table 1 
Characterization of TEMPO-Mediated oxidized cellulose products (Tempo- 
mediated oxidized Cellulose (STOC), TEMPO-mediated oxidized Regenerated 
cellulose by [C2mim][Cl] (TRC2) and [C4mim][Cl] (TRC4).   

Reaction 
time (h) 

Carboxylated content 
(mmol COO− /g) 

Degree of 
oxidation (%) 

Yield (%) 

TRC2 1.81 ± 0.60 3.23 ± 0.07 59 ± 0.01 45.30 ±
6.79 

TRC4 1.18 ± 0.36 3.42 ± 0.06 62.3 ± 0.02 46.55 ±
1.91 

STOC 3.90 ± 0.21 2.00 ± 0.28 35 ± 5.26 4.04 ±
0.04  

Table 2 
Crystallinity index of cellulose and depolymerized cellu-
lose including TEMPO-mediated oxidized Cellulose 
(STOC), Regenerated cellulose by [C2mim][Cl] (RC2) and 
[C4mim][Cl] (RC4), and Tempo-mediated oxidized Re-
generated cellulose by [C2mim][Cl] (TRC2) and [C4mim] 
[Cl] (TRC4).  

Samples Crystallinity Index(%) 

Cellulose  71.1 
STOC  58.47 
RC2  46.64 
RC4  53.19 
TRC2  37.11 
TRC4  39.28  
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conformation and only one intramolecular hydrogen bonds along the 
glycosidic linkage) consists of antiparallel chains which is less thermo-
dynamical stable than Crystal I, resulting in being much easier process 
for further reaction [41]. Both Celluloses I crystal and Cellulose II crystal 
have characteristically diffraction peaks: as for Cellulose I crystal, 2θ =
14.8◦, 16.4◦, 22.6◦, and 34.2◦ are indexed as (11‾0), (110), (200), and 
(040) planes; as for Cellulose II crystal, peaks at 2θ = 12.3◦, 20.2◦, and 
21.9◦ are the characteristic of (11‾0), (110), and (200) planes. From 
Fig. 1b, it is obvious that raw cellulose without any treatments which 
had 13.07◦ (11‾0), 21.67◦ (200), 34.2◦ (040) overlapped partially, was 
assigned to Cellulose I. After ionic liquid dissolution and regeneration, 
an expected transformation of Cellulose I to Cellulose II crystalline 
structure was achieved with peaks at 12.3◦ and 20.2◦ responding to 

(11‾0) and (110) of Cellulose II detected, together with the slight 
crystallinity index change, which may benefit further reactive succiny-
lation. On the other hand, TEMPO-mediated oxidation made no change 
about the crystalline structure and small crystallinity index change. As 
for the TRC2 and TRC4 with TEMPO-mediated oxidation and IL pre-
treatment, only one broad peak at 21.9◦ ((200) planes of cellulose II) 
was detected, and such changes imply that cellulose I completely 
transformed to cellulose II following the regeneration process. The XRD 
patterns of the amorphous cellulose agree with previous research in the 
literature and a great decrease in the crystalline index was achieved 
from 71.1 % (cellulose) to 37.11 % or 39.28 % (TRC2 and TRC4, 
respectively). Overall, Ionic Liquid treatment is an effective method to 
convert Cellulose I into Cellulose II crystalline structure, compared with 

Fig. 2. SEM micrographs of the original cellulose (Avicel PH-101) without pretreatment (C) cited from previous work, and the solids obtained after pretreatment 
with different treatments: (A)Regenerated cellulose by [C2mim][Cl] (RC2) and[C4mim][Cl] (RC4), (B)Tempo-mediated oxidized Regenerated cellulose by [C2mim] 
[Cl] (TRC2) and [C4mim][Cl] (TRC4). The panel depicts the samples at lower magnification (200). 

Z. Li et al.                                                                                                                                                                                                                                        



International Journal of Biological Macromolecules 236 (2023) 123983

6

TEMPO-mediated oxidation, which could affect the subsequent 
modification. 

3.1.3. Scanning electron microscopy (SEM) of RC and TRC 
The morphology of the pretreated cellulose samples with ionic liquid 

dissolution regeneration together TEMPO-Mediated Oxidation or not 
was examined by SEM, shown in Fig. 2. The micrographs in the right 
part (C) of the Fig. 2 show the original cellulose without pretreatment, 
which was cited from previously published work. After ionic liquid 
dissolution regeneration, the aggregated cellulose molecules are slightly 
looser and less tightly arranged compared with the original cellulose 
from lower magnification. Besides, under the TEMPO-Mediated Oxida-
tion treatment, TRC materials had a more broken structure, which could 
easily explain the significant decrease in the crystalline index. It may 
result from the TEMPO-mediated Oxidation that could distribute the 
amorphous region of cellulose. 

3.2. Characterization of succinylated RC or TRC 

The alkyl/alkenyl succinylation of regenerated cellulose (RC2 and 
RC4), and TEMPO-mediated oxidized regenerated cellulose (TRC2, 
TRC4) was schematically presented in Fig. 3. From the starting materials 
(cellulose) to the final succinylated products, the product yields syn-
thesized using various decrystallization methods were significantly 
different, namely two-step decrystallizations IL-regeneration-coupling- 
TEMPO-mediated oxidation: 45.09 ± 6.76 % for TRC2-SAC12, 34.57 
± 1.42 % for TRC4-SAC12, and One-step decrystallization IL- 
regeneration: 94.92 ± 3.21 % for RC2-SAC12, 87.26 ± 6.57 % for 
RC4-SAC12, respectively. The lower succinlyation product yield from 
the two-step decrystallization was due to the reason that some insoluble 

fractions were discarded after TEMPO-Mediated Oxidation. But only 
focus on the succinylation step, the yields and reaction efficiencies are 
almost same (94.27 ± 7.45 wt% for TRC2-SAC12, 91.09 ± 1.28 wt% for 
TRC4-SAC12, 94.00 ± 1.29 wt% for RC2-SAC12, 93.45 ± 0.91 wt% for 
RC4-SAC12). 

The fraction of succinylated products with alkyl/alkenyl succinyl 
group incorporated into cellulose-based materials was proved by FTIR 
analysis. Due to the incorporation of the alkyl/alkenyl succinyl anhy-
dride group, the increased hydrophobicity of samples was proved by the 
decrease of contact angle on a hydrophobic surface, which will benefit 
stabilization of oil-in-water emulsion. The related discussion is detailed 
in the following section. 

3.2.1. Fourier transform infrared spectroscope (FTIR) 
The FTIR spectra of succinylated cellulose products including TRC4- 

SAC12, TRC2-SAC12, RC4-SAC12, RC2-SAC12 exhibited in Fig. S3. The 
unmodified cellulose and SAC12 were investigated as a comparison. 
3299, 2891, 1308, 1023 and 894 cm− 1 are associated with untreated 
cellulose marked in yellow. The significant absorption at 3299 cm− 1 is 
caused by the stretching of O–H groups, whereas the one at 2891 cm− 1 

is assigned to the stretching of C–H groups. The band at 1308 cm− 1 

arises from the O–H bending. The absorption band at 1161 cm− 1 relates 
to C–O stretching in celluloses. A high peak at 1023 cm− 1 was gener-
ated by C-O-C pyranose ring skeletal vibration (Sun, et al., 2004b). A 
sharp band at 894 cm− 1 indicated the β-glucosidic linkages between the 
sugar units (Gupta, Madan, & Bansal, 1987). 1857 and 1781 cm− 1 are 
the characteristic peaks of two anhydride carbonyl bands of succinic 
anhydride SAC12, whereas 2919 cm− 1 respected alkane moieties of the 
substitutions. Different from cellulose and SAC12, two new peaks (1710 
and 1571 cm− 1) were generated in all succinylated products’ spectra 

Fig. 3. The reaction scheme of Succinylation of Regenerated cellulose by [C2mim][Cl] (RC2-SAC12) and [C4mim][Cl] (RC2-SAC12) pre-treatments, and Tempo- 
mediated oxidized Regenerated cellulose by [C2mim][Cl] (TRC2-SAC12) and [C4mim][Cl] (TRC4-SAC12). 
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demonstrating the achievement of succinylation. The band at 1710 cm− 1 

is indicative of absorption by the ester bonds between cellulose com-
pounds and succinic anhydride. The band at 1567 cm− 1 is due to the 
C–O asymmetric stretching vibrations of carboxylic anions (Yoshimura, 
Matsuo, & Fujioka, 2006). On the other hand, the peak at 2919 cm− 1 

was generated compared with unmodified cellulose, which was also 
appeared in SAC12, representing the alky succinic group was linked to 
cellulose and the succinylation was processed successfully as expected. 

3.2.2. Contact angle 
Determination of interfacial capability of stabilizer at the water-oil 

interface is useful for understanding the emulsifying property of an 
ingredient. The contact angle (Fig. S4) was investigated, which could 
indicate the hydrophilicity/hydrophobicity of the samples, the effi-
ciency of adsorption, and coverage of samples around the oil droplet in 
the water phase [56]. After TEMPO-mediated oxidation, TRC2 and TRC4 
exhibited high contact angles with more than 90◦, showing strong hy-
drophilicity. However, after alkyl/alkenyl succinylation, the contact 
angles of all the succinylated samples (RC2-SAC12, RC4-SAC12, TRC2- 
SAC12, TRC4-SAC12) decreased to lower than 35◦. Alkyl/alkenyl suc-
cinylation, which incorporates hydrophobic group into the cellulose- 
based samples including RC2, RC4, TRC2, TRC4, increase the hydro-
phobicity significantly. All the succinylated pretreated samples con-
taining both hydrophobic group (alkyl/alkenyl succinyl group) and 
hydrophilic group (hydroxyl group on the cellulose backbone) have a 
lower contact angle, which gives the sample better wetting properties, 
compared with the alkyl/alkenyl succinylated cellulose without any 
pretreatment [14,57]. The amphiphilicity may be the main driving force 
for stabilizing the oil-in-water emulsion [58], being the stabilizer could 
be adsorbed on the surface of the oil droplet, thus forming a protective 
physical barrier layer [14,57]. The homogenous succinylated materials, 
shown in Fig. 4 also benefit the interface behavior. Besides, compared 
with the Cellulose-SAC12, the pretreatment before the succinylation 
reaction could lower the contact angle of the succinylated products RC2- 

SAC12 and RC4-SAC12, which indicated the more hydrophilic OH group 
was exposed by IL-pretreatment. 

3.2.3. Scanning electron microscopy (SEM) 
The morphologies of alkyl/alkenyl succinylated regenerated cellu-

lose by [C2mim][Cl] (RC2-SAC12) and [C4mim][Cl] (RC2-SAC12) pre- 
treatments, and TEMPO-mediated oxidized regenerated cellulose by 
[C2mim][Cl] (TRC2-SAC12) and [C4mim][Cl] (TRC4-SAC12) were 
measured by SEM (Fig. 4). Compared with the image of materials 
without succinylation, more homogenous circle particles were formed, 
which might be due to a better adsorption of alkyl/alkenyl succinylated 
materials on the surface of the oil droplet through hydrophobic inter-
action, and then aligned on the surface of the oil droplet. 

3.3. Application of succinylated celluloses in oil-in-water emulsions 

3.3.1. Emulsion characteristics 
In general, nanocellulose could be utilized for stabilizing oil droplets 

in the Pickering emulsion [59], however, due to the super hydrophilicity 
of TRC2 and TRC4, they cannot be available to coat the oil droplet and 
fabricate the homogeneous emulsion system, shown in the Fig. S5. After 
succinylation of either regenerated cellulose or TEMPO-mediated 
oxidized regenerated cellulose, the amphiphilicity should be entitled 
to all succinylated cellulose-based samples, which could be more 
applicable to the fabrication and stabilization of O/W emulsion systems. 
The average droplet sizes of the fish oil-in-water emulsion stabilized by 
TRC2-SAC12, TRC4-SAC12, R2-SAC12, and RC4-SAC and their changes 
for 8 weeks storage period were shown in Fig. 5a. The average droplet 
sizes of emulsion stabilized by all the succinylated samples were insig-
nificantly different, with 171.53 ± 2.06 nm (TRC2-SAC12), 168.3 ±
0.46 nm (TRC4-SAC12), 181.9 ± 2.55 nm (R2-SAC12), 175.2 ± 2.00 nm 
(RC4-SAC12), respectively. Even after 8 weeks’ storage, the corre-
sponding emulsions remain almost unchanged in average droplet size, 
indicating their superior stability. Furthermore, it demonstrated that 

Fig. 4. SEM of Succinylation of Regenerated cellulose by [C2mim][Cl] (RC2-SAC12) and [C4mim][Cl] (RC2-SAC12) pre-treatments, and Tempo-mediated oxidized 
Regenerated cellulose by [C2mim][Cl] (TRC2-SAC12) and [C4mim][Cl] (TRC4-SAC12). 
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ionic liquid pretreatment was an effective method to enable succinyla-
tion of cellulose even without TEMPO-mediated oxidation, which 
exhibited a great ability to stabilize the emulsion. According to the XRD 
analysis data, the crystalline structure change (from cellulose I into 
cellulose II) caused by ionic liquid dissolution makes hydroxyl groups 
more accessible for alkyl/alkenyl succinylation of cellulose, whereas 
TEMPO-mediated oxidation did not result in such a significant change in 
structure. The succinylated pretreated-cellulose chains first adsorbed on 
the surface of the oil droplet through hydrophobic interaction, and then 
gradually aligned on the surface of the oil droplet, which could be 

confirmed from the enlarged CLSM image of one droplet in Fig. 5b. The 
significant electronic repulsion between the droplets coated by the 
highly negatively charged succcinylated pretreated-cellulose products 
(shown in Table S1), also contributed to the high stability of the emul-
sion. The uniform droplet distribution of the emulsions using alkyl/ 
alkenyl succinylated celluloses was visualized in Fig. 5b, which further 
confirmed the excellent emulsifying capability of synthesized novel 
emulsifiers. 

Fig. 5. a). The droplet size of emulsions with 10 wt% oil stabilized by 0.9 wt% compounds including RC2-SAC12, RC4-SAC12 and TRC2-SAC12, TRC4-SAC12 within 
8 weeks; b). The CLSM image of the emulsions containing 10 wt% fish oil stabilized by different compounds with 0.9 wt% concentration. Images in A1, A2, A3, A4 
show the oil phase stained with Nile Red (red). The aqueous phase shown in B1, B2, B3, B4 were stained with Rhodamine 6G (green). A1 and B1: RC2-SAC0; A2 and 
B2: TRC-SAC12; A3 and B3: RC4-SAC12; A4 and B4:TRC4-SAC12. 
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3.4. Antioxidant activity 

Fig. 4a exhibited the ABTS radical scavenging ability of a series of 
succinylated cellulose-based products including succinylated regener-
ated cellulose by [C2mim][Cl] and [C4mim][Cl] (RC2-SAC12, RC4- 
SAC12), and succinylated TEMPO-mediated oxidized regenerated cel-
lulose by regenerated cellulose [C2mim][Cl] and[C4mim][Cl]. TRC2 
and TRC4 had no obvious ABTS radical scavenging capacity, which is 
consistence with the other results [60], therefore they were not shown in 
Fig. 6. From Fig. 6a, it is obvious that the scavenge ABTS* abilities of 
TRC2-SAC12 and TRC4-SAC12 was higher the those of RC2-SAC12 and 
RC4-SAC12. In general, the mechanism of reducing ABTS radicals is 
caused by the quenching effect of -OH or -COOH in succinylated 
oxidized celluloses in radical propagation reactions. Therefore, it can be 
inferred that TRC2-SAC12 and TRC4-SAC12, as compared to other non- 
oxidized celluloses (RC2-SAC12 and RC4-SAC12), possess higher radical 
quenching activity (2.2–2.4 times), which may contribute to the high 
carboxyl group and hydroxyl group content in TRC2-SAC12, TRC4- 
SAC12. Not surprisingly, RC2-SAC12 and RC4-SAC12 with less -COOH 
group resulted in lower scavenge ABTS* ability, which implied carboxyl 
group could increase much higher ABTS* scavenging ability of cellulose 
materials compared with the hydroxyl group. For Fe2+ chelating ability, 
non-alkyl/ono-alkenyl succinylated celluloses (TRC2 and TRC4) dis-
played significant higher activity, compared to alkyl/alkenyl succiny-
lated celluloses as shown in Fig. 6b; which might be ascribed to higher 
hydrophobicity of alkyl/alkenyl succinylated celluloses. TRC2-SAC12 
(22 %) and TRC4-SAC12 (35 %) also possessed a higher ability than 
RC2-SAC12 (8 %), and RC4-SAC12 (10 %); which likely can be attrib-
uted to high -COO− group contents, resulted from TEMPO-mediated 
oxidation. High-density of -COOH groups in TRC2-SAC12 and TRC4- 
SAC12 could more effectively chelate Fe2+ by strong coordinating ef-
fect. Both ABTS* scavenging ability and Fe2+ chelating capability are 
preferable properties of antioxidants. Either IL-pretreatment, TEMPO- 
mediated oxidation or alkyl/alkenyl succinylation could produce 
desirable properties, which could increase the likelihood of reducing 
lipid oxidation when employed as building cell materials of delivery 
cargo and protecting oxidation-sensitive nutrients. In brief, IL- 
pretreatment coupling with TEMPO-mediated oxidation and sequen-
tial succinylation could be the best recommendation to synthesize 
cellulose-based emulsifiers for multi-purpose applications as emulsifier, 
stabilizers and antioxidants. 

4. Conclusion 

This work demonstrated that pretreatment of cellulose by 

hydrophilic ionic liquids can be an effective strategy to decrystallize and 
restructure cellulose (leading to the crystalline structure change of cel-
lulose from crystalline I to crystalline II). IL-mediated decrystallization 
can greatly improve the reactivity and accessability of cellulose to 
oxidant such as TEMPO specie; thus improving the reaction efficiency. 
The proved that IL-regenerated cellulose can be directly alkyl/alkenyl 
succinylated without TEMPO-mediated oxidation. This work also 
demonstrated multi-step processes, IL-mediated regeneration and 
TEMPO-mediated oxidation, coupling with alkyl/alkenyl succinylation 
could be a preferable strategy; yielding the product having excellent 
ABTS* scavenging ability and Fe2+ chelating properties which could 
find extensive application in multi-sector industries. 
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