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Abstract: Homogeneous modification of cellulose with succinic anhydride was performed using
tetrabutylammonium acetate (TBAA)/dimethyl sulfoxide (DMSO) mixed solvent. The molar ratio of
succinic anhydride (SA) to free hydroxyl groups in the anhydroglucose units (AGU), TBAA dosage,
reaction temperature, and reaction time were investigated. The highest degree of substitution (DS)
value of 1.191 was obtained in a 10 wt% TBAA/DMSO mixed solvent at 60 ◦C for 60 min, and the
molar ratio of SA/AGU was 6/1. The molar ratio of SA/AGU and the TBAA dosage showed a
significant influence on the reaction. The succinoylated cellulose was characterized by ATR-FTIR,
TGA, XRD, solid state CP/MAS 13C NMR spectroscopy (CP/MAS 13C NMR), and SEM. Moreover,
the modified cellulose was applied for the adsorption of Cu2+ and Cd2+, and both the DS values
of modified cellulose and pH of the heavy metal ion solutions affected the adsorption capacity of
succinylated cellulose. The highest capacity for Cu2+ and Cd2+ adsorption was 42.05 mg/g and
49.0 mg/g, respectively.
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1. Introduction

Cellulose is the most abundant natural polymer on earth. It has several unique properties such as
biocompatibility, biodegrability, low cost, and chemical stability, which makes it a promising resource
to replace fossil resources for the production of industrial materials, chemicals, and biofuels [1–4].
Cellulose-based materials have attracted much attention during the past few decades and are widely
used in adhesives, food, spinning, and biomedical materials [5–7]. The chemical modification of
the hydroxyl groups on cellulose is one important approach to tailor the structure and properties
of cellulose by introducing new functional groups so that the obtained cellulose derivatives can
meet the requirements of specific applications [5]. Conventional modification approaches include
sulfonation [8], esterification [9,10], etherification [11,12], and silylation [13].

While many studies have reported success in the chemical modifications of cellulose, limitations
or drawbacks can still be found when considering some of these systems. Cellulose is insoluble
in water and most organic solvents under conventional conditions due to its rich-in-oxygen nature
and highly crystalline regions [14–16]. Therefore, an inadequate dispersion in reaction media, low
degree of substitution (DS) values, long reaction times, and side reactions were often observed during
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cellulose modification in heterogeneous systems [17]. To address these issues, new cellulose solvents
were used to dissolve cellulose and provided more free –OH groups to react with the modification
reagents. Alkylimidazolium-based ILs (i.e., AmimCl, EminAc, and BminCl) have been the most
frequently used cellulose solvents [18]. Other multi-component systems for cellulose dissolution,
such as DMAc/LiCl [19,20] and DMSO/TBAF [21,22], have also been reported. The formation of a
homogeneous cellulose solution facilitates the easy and homogeneous modification of cellulose with
different functional groups and offers different cellulose-based materials such as cellulose acetate,
propionate, butyrate, pentanoate, hexanoate, and laurate [23–26].

The succinoylation of cellulose has been widely used to introduce ester groups on cellulose and
to form linkages with terminal free fatty acid groups. Succinylated cellulose has a wide range of
applications [27–29], such as adsorbents for water and oil, medicines for drug delivery systems, and
as thermoplastic materials [30–32]. Generally, the succinoylation is catalysed by basic catalysts such
as triethylamine and 4-Dimethylaminopyridine (DMAP), which facilitates the deprotonation of –OH
groups and accelerates the reaction. For example, Yin et al. used N,N-dimethylaetamide/LiCl solvent
to dissolve bacterial cellulose and then modified it with succinic anhydride over a triethylamine
catalyst. A high DS value of 1.45 was achieved under the optimized reaction conditions [33]. Sun et al.
selected DMAP, an effective catalyst for the acylation of alcohol, combined with [BMIM]Cl, to prepare
succinylated cellulose and achieved the highest DS value of 2.34 under 100 ◦C [34]. Similarly, Chen et al.
used the same catalyst for the homogeneous modification of cellulose in tetraethylammonium chloride
(TEACl)/dimethyl sulfoxide (DMSO) and tetra butylammonium fluoride (TBAF)/dimethyl sulfoxide
(DMSO) mixed solvents, with the DS values ranging from 0.41 to 2.11 [35,36]. Moreover, other catalysts,
such as iodine and N-bromosuccinimide (NBS), were also found to exhibit good catalytic activity in
the succinoylation of cellulose [37].

In recent years, the non-catalytic system has also raised considerable attention, which can greatly
simplify the reaction process, and some catalyst-free systems have been reported. For example,
Geng et al. used a 1-butyl-3-methylimidazolium chloride ionic liquid ([C4 min]Cl)/DMSO system
for cellulose succinoylation and the DS value ranged from 0.037 to 0.53 [38]. Liu et al. used
1-allyl-3-methylimidazolium Chloride ([Amim]Cl) as a solvent for a succinoylation reaction and
achieved low DS values ranging from 0.071 to 0.22 [39]. Similar results were obtained by using
1-buty-3-methylimidazolium ([BMIM]Cl) as a reaction solvent for the succinoylation reaction [40].
The aromatic heterocyclic cation of these ionic liquids acted as the catalysts, which could thereby
simplify the reaction system. However, it is not difficult to observe that the DS values of these systems
were still very low.

Recently, we reported a TBAA/DMSO mixed solvent for the dissolution of cellulose at ambient
temperature [41]. The cations and anions were found to easily interact with the –OH groups on the
cellulose chain and thereby disrupted inter- and intramolecular hydrogen bonding. This solvent
possesses great potential to be used for the homogeneous chemical modification of cellulose. Moreover,
to the best of our knowledge, no TBAA/DMSO solvent has been reported for the succinoylation of
cellulose. Moreover, the nitrogen-containing NR4

+, as well as the basic nature of TBAA, may also
serve as a catalyst for the succinoylation conversion. By realizing these two aspects, we studied the
succinoylation of cellulose in a TBAA/DMSO mixed solvent, without an additional catalyst.

Herein, we report on the succinoylation of cellulose in a TBAA/DMSO mixed solvent. A high DS
value of 1.191 was obtained without any catalyst (Scheme 1). This DS value was much higher than that
from the reported literature. In this study, the effects of the mole ratio of succinic anhydride (SA) to free
hydroxyl groups in the anhydroglucose units (AGU), TBAA dosage, reaction temperature, and reaction
time on the homogeneous succinoylation of cellulose were investigated. The succinylated cellulose
was characterized by ATR-FTIR, TGA, Solid state CP/MAS 13C NMR, XRD, and SEM. The adsorption
capacities for Cu2+ and Cd2+ of succinylated cellulose were also studied.
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bring a steric hindrance due to the relatively large cation structure of TBAA, which may prevent SA 
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Scheme 1. Succinoylation of cellulose with succinic anhydride in TBAA/DMSO mixed solvent.

2. Results and Discussion

2.1. Succinylation of Cellulose

Firstly, the TBAA/DMSO mixed solvent was used to dissolve cellulose and the succinylation
process was then carried out by adding SA to the mixed system. Figure 1 shows the DS values of
succinylated cellulose modified at different TBAA dosage and succinic acid to AGU ratios. In general,
the DS values of succinylated cellulose initially increased when WTBAA was increased from 5.0 wt%
to10.0 wt%, and then decreased as WTBAA was further increased to 12.5 wt%. The effect of the TBAA
dosage on the homogeneous succinylation of cellulose was related to the degree of cellulose dissolution
in the mixed solvent [35]. Our previous study showed that both the solubility and dissolution rate
of cellulose in the TBAA/DMSO mixed solvent increased as the TBAA dosage increased in the
mixed solvent, until it reached 15 wt% [41]. In this regard, the accessibility of succinic anhydride
to the hydroxyl groups on dissolved cellulose would be improved as more cellulose dissolved and
more hydroxyl groups were freed, resulting in an increase in the DS value of the modified cellulose.
However, further increasing the dosage of TBAA also increased the viscosity of the mixed solvent,
which negatively affected the mass transfer of the reaction system and inhibited the succinoylation
reaction [42,43]. In addition, a high TBAA dosage in the mixed solvent could also bring a steric
hindrance due to the relatively large cation structure of TBAA, which may prevent SA from attacking
the hydroxyl groups on cellulose. Similar results have been reported by other research [35,36].
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Figure 1. DS values of succinylated cellulose prepared using different TBAA/DMSO mixed solvents and
with different weights of succinic anhydride. The molar ratio of succinic anhydride/anhydroglucose in
cellulose was 2:1, 4:1, 6:1.

The mole ratio of SA/AGU also had a significant effect on the succinoylation of cellulose. The DS
values of modified cellulose increased as the concentration of SA increased, especially when the
SA/AGU ratio increased from 2/1 to 4/1. Further increasing the SA/AGU ratio to 6/1 only provided
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a small increment in the DS values. When considering the atom economy, a lower SA/AGU ratio
was preferable. Therefore, a mole ratio of SA/AGU of 4/1 and WTBAA = 10.0 wt% were selected for
further study. Other reaction parameters such as reaction temperature and reaction time were also
optimized, and the results are listed in Table S1. In general, the results in Table S1 show that the DS
values of succinylated cellulose prepared in the TBAA/DMSO mixed solvent ranged from 0.337 to
1.191, which were much higher than those of succinylated cellulose prepared in other catalyst-free
systems (i.e., 0.037~0.53, 0.071~0.22) [38,39]. Therefore, the TBAA/DMSO mixed solvent had a much
higher reactivity toward the modification of cellulose with succinic anhydride.

2.2. ATR-FTIR Analysis

Figure 2 shows the ATR-FTIR spectra of unmodified cellulose (spectrum 1) and succinylated
cellulose prepared with different WTBAA (spectrum 2–5). The peaks at 3444, 2902, 1647, 1372, and
1056 cm−1 are associated with native cellulose, where: the broad peak at 3444 cm−1 corresponds to
the O–H stretching; the peak at 2902 cm−1 is generated by the C–H stretching of CH2; the absorption
at 1647 cm−1 is attributed to the moisture in the cellulose; and the peaks at 1372 and 1056 cm−1 are
from O–H bending and C–O–C pyranose ring skeletal vibration, respectively [36,44]. Compared to
the unmodified cellulose, two new peaks at 1735 and 1568 cm−1 were found in all modified cellulose
samples. The band at 1735 cm−1 is assigned to the carbonyl groups in –COOH or –COOR, while the
band at 1568 cm−1 is characterized as the antisymmetric stretching of carboxylic anions, providing
the evidence of successful succinoylation [40]. Furthermore, the intensity of the absorption band at
1163 cm−1, attributed to C–O antisymmetric bridge stretching in esters, increased after succinoylation.
It is likely caused by the formation of an ester or carboxylic acid [34]. The appearance of all the
new peaks confirmed the successful succinoylation of cellulose in the TBAA/DMSO mixed solvent.
In addition, the absence of peaks at 1850 and 1780 cm−1 in the spectra of succinylated cellulose samples
indicated that un-reacted succinic anhydride had been removed from the modified cellulose [34].
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Figure 2. ATR-FTIR spectra of unmodified cellulose (spectrum 1) and succinylated cellulose prepared
with the WTBAA at 5.0 wt% (spectrum 2), 7.5 wt% (spectrum 3), 10.0 wt% (spectrum 4), and 12.5 wt%
(spectrum 5).

It was also worth noting that the intensity of the peaks of the ester group (i.e., 1735, 1568, and
1163 cm−1) initially increased as WTBAA increased from 5.0 wt% to 10.0 wt%, and then decreased
slightly when the TBAA dosage was further increased to 12.5 wt%. This result was in good agreement
with the change of the DS values of succinylated cellulose, which increased from 0.595 to 1.002 when
WTBAA increased from 5.0 to10.0 wt% and then decreased to 0.815 as WTBAA increased to 12.5 wt%.
Corresponding to the DS values shown in Table S1, the intensity of the peaks at 1735, 1568, and
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1163 cm−1 displayed no visible differences when the reaction temperature ranged from 20 ◦C to 80 ◦C
(Figure S1) or when the reaction time ranged from 30 min to 90 min (Figure S2).

2.3. TGA Analysis

The thermal properties of unmodified cellulose and succinylated cellulose were investigated
and the results are shown in Figure 3. It can be seen that the onset decomposition temperature of
unmodified cellulose was around 240 ◦C, and the succinylated cellulose samples started to decompose
at about 141 ◦C, depending on the particular cellulose sample modified in a different dosage of TBAA.
This result was due to the formation of cellulose esters, which was believed to lower the thermal
stability of cellulose [45].
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with the WTBAA at 5.0 wt% (spectrum 2), 7.5 wt% (spectrum 3), 10.0 wt% (spectrum 4), and 12.5 wt%
(spectrum 5).

The TGA curves of the succinylated cellulose samples all displayed an obvious two-stage
decomposition pattern, especially for those samples modified at WTBAA from 5.0 to 10.0 wt%.
This result implied that succinylated cellulose was a mixture of two types of cellulose, i.e., native
and regenerated cellulose. The first stage should be ascribed to the decomposition of regenerated
cellulose, which has been previously reported [46]. The second stage belonged to native cellulose.
According to our previous work, the solubility of cellulose increased as the TBAA dosage increased
in the mixed solvent [41], which left less native cellulose in the reaction mixture after succinoylation.
Thus, the decomposition temperature gradually reduced as the TBAA dosage increased from 5.0 wt%
to 12.5 wt%. These results further confirmed the important role of TBAA dosage on the DS value of
the succoylation reaction.

2.4. CP/MAS 13C NMR Analysis

The solid-state CP/MAS 13C NMR spectra of unmodified cellulose and succinylated cellulose
prepared with two typical TBAA dosages are shown in Figure 4. The chemical shift between 50 to
110 ppm was assigned to the carbons on cellulose. Specifically, the signals at around 85.37 and 80.85
were assigned to the C-4 on crystalline and amorphous cellulose, respectively [45,47]. Compared
to unmodified cellulose, the spectra of succinylated cellulose displayed two new signals. The peak
at 170.26 ppm was attributed to the carbonyl carbon, while the signal at 26.96 ppm was attributed
to the methylene group on a cellulose succinoyl ester. This result suggested that part of the –OH
was converted to a succinoyl ester group, indicating the successful succinoylation of cellulose. In
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addition, the intensities of these two signals slightly increased as the TBAA dosage increased from
5.0 to 10.0 wt% (spectra 2 and 3). This result was consistent with the DS values of succinylated cellulose
samples (Figure 1), which suggested an increase in the reactivity of cellulose when the TBAA dosage
increased. Similar results were also reported by other studies [45].Materials 2017, 10, 526  6 of 13 
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After succinoylation, the signals at 80.85 and 85.37 ppm (C-4 on cellulose) became weak
(spectrum 2 and 3), which indicated that both the amorphous and crystalline region of cellulose
reacted during the succinoylation process [47,48]. It is known that the hydroxyls of C-2, C-3, and C-6
are the three main reactive sites on cellulose. After the reaction, the signal of C-6 displayed a significant
decrease of succinylated cellulose as compared to the signals of C-2 and C-3 (spectra 3). This result
implied that SA prefers to react with the hydroxyl on C-6 rather than those on C-2 and C-3 [23,45].

2.5. XRD Analysis

The X-ray diffraction curves of unmodified cellulose and succinylated cellulose are shown in
Figure 5. The pattern of unmodified cellulose and the succinylated cellulose prepared with WTBAA at
5.0 wt% were similar (spectra 1 and 2). They both displayed a typical diffraction pattern of cellulose I.
The diffraction peaks at 14.8◦, 16.4◦, 22.7◦, and 34.2◦ were attributed to 101, 101, 002, and 040 planes,
respectively [49,50]. No cellulose dissolution is expected for WTBAA of 5.0 wt% and below. On the
other hand, succinylated cellulose prepared at a high TBAA ratio had a board peak at around 20.9◦

(spectra 4 and 5), which was a typical diffraction pattern of cellulose II. It indicated that most of
cellulose underwent the succinoylation process when it was dissolved in the TBAA/DMSO mixed
solvent. A small amount of native cellulose I still remained in the succinylated cellulose sample
prepared with WTBAA at 10.0 wt%, as indicated in the TGA analysis. However, it was not found
in the XRD result, which is likely due to the weak signal of the small amount of cellulose I in this
sample. The diffraction pattern of the succinylated cellulose sample prepared with WTBAA at 7.5 wt%
clearly showed the coexistence of native cellulose I and regenerated cellulose II, which displayed both
diffraction planes of cellulose I and II (spectrum 3).
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2.6. SEM Analysis

The morphology of unmodified cellulose and succinylated cellulose are presented in Figure 6.
Additionally, the pictures of unmodified cellulose and succinylated cellulose are also shown in
Figure S3. It can be seen that both unmodified cellulose (Figure 6a) and succinylated cellulose prepared
from the TBAA/DMSO mixed solvent with a TBAA dosage at 5.0 wt% (Figure 6b) remained fiberous
in appearance, except that the succinylated cellulose fiber exhibited a smoother surface. This result
inferred that the dissolution and/or modification of the cellulose fiber started from the surface of
the cellulose fiber [28]. For those fibrils on the surface of fibers (i.e., which caused the “fuzzy” and
rough appearance on the surface of unmodified cellulose fiber), they were more accessible to the
solvent and reagent during the dissolution and succinoylation processes and would react earlier than
the inner part of the fiber. Therefore, the result provided a smooth surface of succinylated cellulose.
Succinylated cellulose prepared at higher TBAA dosages displayed a homogeneous appearance of
regenerated cellulose (Figure 6c,d). Although the succinylated cellulose sample prepared in 10.0 wt%
TBAA still contained a small amount of native cellulose (as indicated in TGA analysis), no fiberous
cellulose was observed in this sample. This is probably due to the coverage by the large amount of
regenerated cellulose.

Materials 2017, 10, 526  7 of 13 

 

 
Figure 5. X-ray diffraction spectra of unmodified (spectrum 1) cellulose and succinylated cellulose 
prepared with the WTBAA at 5.0 wt% (spectrum 2), 7.5 wt% (spectrum 3), 10.0 wt% (spectrum 4), and 
12.5 wt% (spectrum 5). 

2.6. SEM Analysis 

The morphology of unmodified cellulose and succinylated cellulose are presented in Figure 6. 
Additionally, the pictures of unmodified cellulose and succinylated cellulose are also shown in Figure S3. 
It can be seen that both unmodified cellulose (Figure 6a) and succinylated cellulose prepared from 
the TBAA/DMSO mixed solvent with a TBAA dosage at 5.0 wt% (Figure 6b) remained fiberous in 
appearance, except that the succinylated cellulose fiber exhibited a smoother surface. This result 
inferred that the dissolution and/or modification of the cellulose fiber started from the surface of the 
cellulose fiber [28]. For those fibrils on the surface of fibers (i.e., which caused the “fuzzy” and rough 
appearance on the surface of unmodified cellulose fiber), they were more accessible to the solvent 
and reagent during the dissolution and succinoylation processes and would react earlier than the 
inner part of the fiber. Therefore, the result provided a smooth surface of succinylated cellulose. 
Succinylated cellulose prepared at higher TBAA dosages displayed a homogeneous appearance of 
regenerated cellulose (Figure 6c,d). Although the succinylated cellulose sample prepared in 10.0 wt% 
TBAA still contained a small amount of native cellulose (as indicated in TGA analysis), no fiberous 
cellulose was observed in this sample. This is probably due to the coverage by the large amount of 
regenerated cellulose. 

 
Figure 6. SEM images of unmodified cellulose and succinylated cellulose: (a) original filter paper and 
modified cellulose in TBAA/DMSO mixed solvents with the TBAA dosage of (b) 5.0 wt%; (c) 10.0 
wt%; (d) 12.5 wt%. 

Figure 6. SEM images of unmodified cellulose and succinylated cellulose: (a) original filter paper and
modified cellulose in TBAA/DMSO mixed solvents with the TBAA dosage of (b) 5.0 wt%; (c) 10.0 wt%;
(d) 12.5 wt%.



Materials 2017, 10, 526 8 of 14

2.7. Application for the Adsorption of Heavy Metal Ions

The succinylated cellulose was used for the adsorption of heavy metal ions in aqueous solutions.
The tests were conducted using succinylated cellulose of different DS values in an aqueous metal ion
solution at 25 ◦C for 10 min. Both Cu2+ and Cd2+ ions will easily form their hydroxide precipitate
when the pH values are above 5.0. Therefore, the pH of all the heavy metal ion solutions studied in
this work were below 5.0.

As shown in Figure 7, the DS values had a great influence on the metal adsorption capacity of
succinylated cellulose. When the pH of the Cu2+ solutions was 4.0 or 5.0, the adsorption capacity of
succinylated cellulose increased as the DS values increased from 0.595 to 1.002. This indicated that the
metal ions were gradually absorbed as more carboxyl groups (–COOH) were grafted on the surface
of the cellulose. The adsorption capacities increased almost linearly with the DS values when the DS
values were below 0.8, indicating that the adsorption sites on the succinylated cellulose were sufficient
for metal ion adsorption. However, a further increase of the DS values only provided a slight increase
in the adsorption capacity, which may be caused by the equilibrium of the metal ions in solution and
on the cellulose surface. [33,51]. The highest capacity for Cu2+ adsorption (42.05 mg/g) was achieved
by using the modified cellulose with a DS value of 1.002 when the pH value of the solution was 5.0.
However, when the solution’s pH was 3.0, the adsorption capacity of succinylated cellulose initially
increased as the DS values ranged from 0.595 to 0.815 and then slightly decreased as the DS value was
further increased to 1.002.
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It is worth noting that all of the succinylated cellulose provided a higher capacity to absorb metal
ions as the pH value of the solution increased. This is because the carboxyl groups retained the protons
in the solution at a lower pH, and its capacity to bind the positively charged ions decreased. However,
at a high pH (4.0 or 5.0), the carboxyl groups were apt to deprotonate in the solution and existed as
–COO−, which can more effectively bond to the positively charged metal ions. Both the protons and
the metal ions in the solutions can bond with the carboxyl groups, mainly depending on the pH values
of the solutions [52,53].

The adsorption of Cd2+ with succinylated cellulose (DS = 1.002) was also investigated as the pH
value ranged from 1.0 to 5.0 (Figure 8). The results presented a similar adsorption tendency to that of
Cu2+, and the adsorption of Cd2+ increased from 0.6 mg/g to 49.0 mg/g when the pH values of the
solutions increased from 1.0 to 5.0. According to the above results, both the Cu2+ and Cd2+ ions can be
efficiently absorbed by the succinylated cellulose, demonstrating the high potential of succinylated
cellulose as an absorbent for the removal of heavy metal ions in the environment.
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3. Materials and Methods

3.1. Materials

Cellulose filter papers (diameter 125 mm, Whatman, Hangzhou, China) were cut into (2 × 5 mm)
pieces and dried overnight at 105 ◦C before use. Tetrabutylammonium acetate (Sigma-Aldrich,
Santa Clara, CA, USA, 97%), Dimethyl sulfoxide (BDH, 99.7%), Succinic anhydride (Alfa Aesar,
Shanghai, China, 99%), and Isopropyl Alcohol (BDH, Radmanovic, PA, USA, 99.5%) were used
without further purification. All other chemicals were purchased from commercial sources and were
of reagent grade.

3.2. Succinoylation of Cellulose with Succinic Anhydride in TBAA/DMSO Mixed Solvent

The succinoylation of cellulose was carried out by the homogeneous reaction of cellulose filter
paper in TBAA/DMSO mixed solvent. Four mixed solvents were prepared with TBAA dosages in the
mixed solvent at 5.0 wt%, 7.5 wt%, 10.0 wt%, and 12.5 wt% and were denoted as WTBAA = 5.0 wt%,
7.5 wt%, 10.0 wt%, and 12.5 wt%, respectively. A typical succinoylation procedure of cellulose was as
follows: Approximately 1.60 g of dried cellulose filter paper was added to 8.00 g of homogeneously
mixed solvent in a 100 mL round bottom flask. The cellulose/TBAA/DMSO mixtures were stirred at
60 ◦C for 30 min. The filter paper was well dissolved and achieved a homogeneous mixture. Then,
solid succinic anhydride was added into the mixture and swept with N2 to ensure that the air in the
round bottom was removed. Afterword, the mixture was sealed with a rubber stopper and then the
homogeneous modification was carried out at different reaction temperatures with magnetic stirring.
After a certain of reaction time, 50 mL isopropyl alcohol was slowly added into the resulting mixture
with continuous stirring at room temperature for 2 h. The solid precipitant was filtered and thoroughly
washed with isopropyl alcohol to guarantee that TBAA, DMSO, un-reacted succinic anhydride, and
any by-products were eliminated. Finally, the solid was dried under vacuum at 50 ◦C overnight.

3.3. Characterization

3.3.1. Determination of the Degree of Substitution (DS)

In the present study, succinylated cellulose was prepared using TBAA/DMSO mixed solvents
without a catalyst, and the reaction route is shown in Scheme 1. The degree of substitution (DS) of
succinylated cellulose was determined by a direct titration method [54,55]. In brief, a known weight
of succinylated cellulose (0.06 g) was placed in a flask, followed by the addition of 10 mL of NaOH
(0.1 mol·L−1). The mixture was allowed to react at 50 ◦C for 30 min with magnetic stirring. At
the end of the reaction time, any excess amount of NaOH was titrated by a standard HCl solution
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(0.025 mol·L−1). All the experimental data were repeated three times. The DS value was calculated by
the following equation:

DS =
162 × nCOOH

m − 100 × nCOOH
(1)

where 162 (g/mol) is the molar mass of an anhydroglucose unit (AGU); 100 (g/mol) is the net increase
in the mass of an AGU for each succinoylation substituted; and m is the weight of the sample for
every experiment. nCOOH is the amount of COOH and calculated by Equation (2), where VNaOH is the
volume of standard NaOH solution in the titration; CNaOH is the concentration of standard NaOH;
VHCl is the volume of standard HCl consumed in the titration; and CHCl is the molarity of standard
HCl solution.

nCOOH = (VNaOH × CNaOH − VHCl × CHCl)/2 (2)

3.3.2. Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR) Analysis

ATR-FTIR characterization of cellulose samples was performed on a Thermo Nicolet 360 (Nicolet,
Madison, WI, USA) coupled with a Spectra Golden Gate MKII Single Reflection ATR accessory.
The FTIR analyses were conducted between a frequency range of 4000–400 cm−1.

3.3.3. Thermal Gravimetric (TGA) Analysis

The thermal stability of cellulose samples was characterized using a TA Instrument Q 500
(TA Instruments, New Castle, DE, USA). Cellulose samples weighing between 2 and 5 mg were
tested in each run. The cellulose sample was heated from room temperature to 800 ◦C, at a heating
rate of 10 ◦C/min under nitrogen flow (40 mL/min).

3.3.4. Solid State CP/MAS 13C NMR Spectroscopy (CP/MAS 13C NMR) Analysis

The solid-state CP/MAS 13C NMR spectra were recorded on a Bruker AVIII-400 MHz with a 4 mm
HR MAS BL4 probe. The spectroscopy of cellulose samples for solid state CP-MAS (cross-polarisation,
magic anglespinning) 13C NMR spectroscopy was obtained on a Bruker AVIII spectrometer (Bruker,
Germany) and the span rate of the 4 mm rotor was 12 kHZ for the test. The acquisition time was
0.0127 s, and the recycle delay was 2.0 s.

3.3.5. X-ray Diffraction (XRD) Analysis

The X-ray diffraction measurements of cellulose samples were analyzed using wide angle
X-ray diffraction (Rigaku Ultima IV, Kyoto, Japan). Patterns were acquired with Cu Kα radiation
(λ = 1.5406 Å) at 40 kV and 30 mA over the 2θ range from 5 to 40◦ at a scan speed of 2 deg·min−1.

3.3.6. Scanning Electron Microscopy (SEM) Analysis

The surface morphology of the cellulose samples was observed using scanning electron microscopy
(SEM JCM-5000, Kyoto, Japan). Each sample was coated with gold using a vacuum sputter coater for
60 s, before being subjected to the SEM analysis.

3.4. Metal Ion Adsorption Test

The metal-adsorption capacity of the succinylated cellulose (sample 2 DS = 0.595, sample 5
DS = 0.719, sample 8 DS = 1.002, sample 11 DS = 0.815) was determined according to the following
method. A total of 0.02 g succinylated cellulose was placed in a 100 mL beaker and then mixed with
10 mL metal ion solution (Cu2+ 128 mg/L, Cd2+ 300 mg/L) by stirring at 25 ◦C for 10 min. The pH of
the Cu2+ ions solution ranged from 3.0 to 5.0, and 1.0 to 5.0 for Cd2+. The pH was adjusted with HCl
or NaOH solutions at 0.01~0.1 mol/L. After adsorption for 10 min, the solution was filtered, and the
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metal ion concentration was determined by atomic adsorption spectroscopy (Perkin Elmer, AA900T
Waltham, MA, USA). All of the experiments were repeated three times.

4. Conclusions

This study reported a TBAA/DMSO mixed solvent for the succinoylation of cellulose under a
catalyst-free condition. The highest DS value of 1.191 was obtained in a 10.0 wt% TBAA/DMSO solvent
at 6/1 SA/AGU, 60 ◦C, for 60 min. The DS values of succinylated cellulose ranged from 0.337 to 1.191
while differing the reaction conditions. The succinoylation reaction was also significantly affected
by the TBAA dosage, which played the role of the solvent and catalyst in the whole reaction process.
ATR-FTIR and solid-state CP/MAS 13C NMR spectroscopies confirmed the successful succinoylation
of cellulose in the TBAA/DMSO mixed solvent. The thermal stability of cellulose decreased after
the succinoylation. XRD analysis of the crystal of succinylated cellulose indicated that it changed
from cellulose I to cellulose II. Moreover, these modified cellulose products showed good adsorption
capacities for Cu2+ and Cd2+ ions in aqueous solutions. The successful modification of cellulose with
SA not only provides a new mild method for the homogeneous succinylation of cellulose under a
catalyst-free condition, but also demonstrates the unique role of quaternary ammonium type ionic
liquid in catalyzing the esterification of the hydroxyl groups, which might be a guide for the designing
of more rational catalyst-free systems for the modification of cellulose with other chemical reagents.
Besides, the obtained succinylated cellulose materials showed a good absorption capacity of the metal
cations, which may find important applications in the water pollution treatment in the future. Future
work will be focused on the study of more cellulose products based on the homogeneous modification
of cellulose in the TBAA/DMSO system and the recycling of the cellulose solvent.

Supplementary Materials: The following are available online at www.mdpi.com/1996-1944/10/5/526/s1.
Figure S1, ATR-FTIR characterization of modified cellulose under different temperature. Figure S2, ATR-FTIR
characterization modified cellulose at different reaction time. Figure S3 Pictures of the cellulose and succinylated
cellulose. Table S1, The degree of substitution (DS) of succinylated cellulose.

Acknowledgments: This work was supported by the Forestry Industry Research Special Funds for Public Welfare
Projects (201504602), Jiangsu Specially-Appointed Professor program of the State Minister of Education of Jiangsu
Province, Fund from Jiangsu Key Lab of Biomass-based Green Fuels and Chemicals (JSBGFC 14003) and the
project of the Priority Academic Program Development of Jiangsu Higher Education Institutions (PADA).

Author Contributions: Ping-Ping Xin, Chung-Yun Hse, and Hui Pan conceived and designed the experiments;
Ping-Ping Xin performed the experiments; Ping-Ping Xin, Chung-Yun Hse, and Hui Pan analyzed the data;
Yao-Bing Huang, Chung-Yun Hse, Huai N. Cheng, Chaobo Huang, and Hui Pan contributed reagents/materials/
analysis tools; Ping-Ping Xin, Yao-Bing Huang, and Hui Pan wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ragauskas, A.J.; Williams, C.K.; Davison, B.H.; Britovsek, G.; Cairney, J.; Eckert, C.A.; Frederick, W., Jr.;
Hallett, J.P.; Leak, D.J.; Liotta, C.L. The path forward for biofuels and biomaterials. Science 2006, 311, 484–489.
[CrossRef] [PubMed]

2. Wu, R.L.; Wang, X.L.; Li, F.; Li, H.Z.; Wang, Y.Z. Green composite films prepared from cellulose, starch and
lignin in room-temperature ionic liquid. Bioresour. Technol. 2009, 100, 2569–2574. [CrossRef] [PubMed]

3. Iguchi, M.; Aida, T.M.; Watanabe, M.; Smith, R.L., Jr. Dissolution and recovery of cellulose from 1-butyl-3-
methylimidazolium chloride in presence of water. Carbohydr. Polym. 2013, 92, 651–658. [CrossRef] [PubMed]

4. Huang, Y.B.; Fu, Y. ChemInform Abstract: Hydrolysis of Cellulose to Glucose by Solid Acid Catalysts.
Green Chem. 2013, 15, 1095–1111. [CrossRef]

5. Habibi, Y. ChemInform Abstract: Key Advances in the Chemical Modification of Nanocelluloses. Chem. Soc.
Rev. 2014, 43, 1519–1542. [CrossRef] [PubMed]

6. Zhu, H.; Luo, W.; Ciesielski, P.N.; Fang, Z.; Zhu, J.Y.; Henriksson, G.; Himmel, M.E.; Hu, L. Wood-Derived
Materials for Green Electronics, Biological Devices, and Energy Applications. Chem. Rev. 2016, 116, 9305–9374.
[CrossRef] [PubMed]

www.mdpi.com/1996-1944/10/5/526/s1
http://dx.doi.org/10.1126/science.1114736
http://www.ncbi.nlm.nih.gov/pubmed/16439654
http://dx.doi.org/10.1016/j.biortech.2008.11.044
http://www.ncbi.nlm.nih.gov/pubmed/19138843
http://dx.doi.org/10.1016/j.carbpol.2012.09.021
http://www.ncbi.nlm.nih.gov/pubmed/23218349
http://dx.doi.org/10.1039/c3gc40136g
http://dx.doi.org/10.1039/C3CS60204D
http://www.ncbi.nlm.nih.gov/pubmed/24316693
http://dx.doi.org/10.1021/acs.chemrev.6b00225
http://www.ncbi.nlm.nih.gov/pubmed/27459699


Materials 2017, 10, 526 12 of 14

7. Oksman, K.; Aitomäki, Y.; Mathew, A.P.; Siqueira, G.; Zhou, Q.; Butylina, S.; Tanpichai, S.; Zhou, X.;
Hooshmand, S. Review of the recent developments in cellulose nanocomposite processing. Compos. Part A:
Appl. Sci. Manuf. 2016, 83, 2–18. [CrossRef]

8. Liimatainen, H.; Visanko, M.; Sirviö, J.; Hormi, O.; Niinimäki, J. Sulfonated cellulose nanofibrils obtained
from wood pulp through regioselective oxidative bisulfite pre-treatment. Cellulose 2013, 20, 741–749.
[CrossRef]

9. Missoum, K.; Belgacem, M.N.; Bras, J. Nanofibrillated Cellulose Surface Modification: A Review. Materials
2013, 6, 1745–1766. [CrossRef]

10. Ramírez, J.A.Á.; Fortunati, E.; Kenny, J.M.; Torre, L.; Foresti, M.L. Simple citric acid-catalyzed surface
esterification of cellulose nanocrystals. Carbohydr. Polym. 2017, 157, 1358–1364.

11. Eyholzer, C.; Couraça, A.B.D.; Duc, F.; Bourban, P.E.; Tingaut, P.; Zimmermann, T.; Månson, J.A.E.; Oksman, K.
Biocomposite Hydrogels with Carboxymethylated, Nanofibrillated Cellulose Powder for Replacement of the
Nucleus Pulposus. Biomacromolecules 2011, 12, 1419–1427. [CrossRef] [PubMed]

12. Fox, S.C.; Li, B.; Xu, D.; Edgar, K.J. Regioselective Esterification and Etherification of Cellulose: A Review.
Biomacromolecules 2011, 12, 1956–1972. [CrossRef] [PubMed]

13. Goussé, C.; Chanzy, H.; Cerrada, M.L.; Fleury, E. Surface silylation of cellulose microfibrils: Preparation and
rheological properties. Polymer 2004, 45, 1569–1575.

14. Chundawat, S.P.; Bellesia, G.; Uppugundla, N.; da Costa Sousa, L.; Gao, D.; Cheh, A.M.; Agarwal, U.P.;
Bianchetti, C.M.; Phillips, G., Jr.; Langan, P. Restructuring the crystalline cellulose hydrogen bond network
enhances its depolymerization rate. J. Am. Chem. Soc. 2011, 133, 11163–11174. [CrossRef] [PubMed]

15. Benedetto, A.; Ballone, P. Room Temperature Ionic Liquids Meet Biomolecules: A Microscopic View of
Structure and Dynamics. ACS Sustain. Chem. Eng. 2015, 4, 392–412. [CrossRef]

16. Zhao, H.; Baker, G.A.; Song, Z.; Olubajo, O.; Crittle, T.; Peters, D. Designing enzyme-compatible ionic liquids
that can dissolve carbohydrates. Green Chem. 2008, 10, 696–705. [CrossRef]

17. Chadlia, A.; Farouk, M.H.M. Rapid homogeneous esterification of cellulose extracted from Posidonia induced
by microwave irradiation. J. Appl. Polym. Sci. 2011, 119, 3372–3381. [CrossRef]

18. Wang, H.; Gurau, G.; Rogers, R.D. Ionic liquid processing of cellulose. Chem. Soc. Rev. 2012, 41, 1519–1537.
[CrossRef] [PubMed]

19. Striegel, A.M. Advances in the Understanding of the Dissolution Mechanism of Cellulose in DMAc/LiCl.
J. Chil. Chem. Soc. 2003, 48, 73–77. [CrossRef]

20. Kotelnikova, N.E.; Bykhovtsova, Y.V.; Mikhailidi, A.M.; Saprykina, N.N. Comparative study on the methods
for dissolving powder lignocelluloses in DMAc/LiCl and chemical properties of samples regenerated from
the solutions. Rus. J. Bioorgan. Chem. 2015, 41, 700–707. [CrossRef]

21. Ostlund, A.; Lundberg, D.; Nordstierna, L.; Holmberg, K.; Nydén, M. Dissolution and gelation of cellulose
in TBAF/DMSO solutions: The roles of fluoride ions and water. Biomacromolecules 2009, 10, 2401–2407.
[CrossRef] [PubMed]

22. Yusup, E.M.; Mahzan, S.; Jafferi, N.; Been, C.W. The Effectiveness of TBAF/DMSO in Dissolving Oil Palm
Empty Fruit Bunch-Cellulose Phosphate. J. Med. Bioeng. 2015, 4, 165–169. [CrossRef]

23. Wu, J.; Zhang, J.; Zhang, H.; He, J.; Ren, Q.; Guo, M. Homogeneous Acetylation of Cellulose in a New Ionic
Liquid. Biomacromolecules 2004, 5, 266–268. [CrossRef] [PubMed]

24. Köhler, S.; Liebert, T.; Schöbitz, M.; Schaller, J.; Meister, F.; Günther, W.; Heinze, T. Interactions of Ionic
Liquids with Polysaccharides 1. Unexpected Acetylation of Cellulose with 1-Ethyl-3-methylimidazolium
Acetate. Macromol. Rapid Commun. 2007, 28, 2311–2317.

25. Amarasekara, A.S.; Owereh, O.S. Homogeneous phase synthesis of cellulose carbamate silica hybrid
materials using 1-n-butyl-3-methylimidazolium chloride ionic liquid medium. Carbohydr. Polym. 2009,
78, 635–638. [CrossRef]

26. Zhang, J.; Chen, W.; Feng, Y.; Wu, J.; Yu, J.; He, J.; Zhang, J. Homogeneous esterification of cellulose in room
temperature ionic liquids. Polym. Int. 2015, 64, 963–970. [CrossRef]

27. Shang, W.; Sheng, Z.; Shen, Y.; Ai, B.; Zheng, L.; Yang, J.; Xu, Z. Study on oil absorbency of succinic anhydride
modified banana cellulose in ionic liquid. Carbohydr. Polym. 2016, 141, 135–142. [CrossRef] [PubMed]

28. Vaidya, A.A.; Gaugler, M.; Smith, D.A. Green route to modification of wood waste, cellulose and
hemicellulose using reactive extrusion. Carbohydr. Polym. 2016, 136, 1238–1250. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.compositesa.2015.10.041
http://dx.doi.org/10.1007/s10570-013-9865-y
http://dx.doi.org/10.3390/ma6051745
http://dx.doi.org/10.1021/bm101131b
http://www.ncbi.nlm.nih.gov/pubmed/21405099
http://dx.doi.org/10.1021/bm200260d
http://www.ncbi.nlm.nih.gov/pubmed/21524055
http://dx.doi.org/10.1021/ja2011115
http://www.ncbi.nlm.nih.gov/pubmed/21661764
http://dx.doi.org/10.1021/acssuschemeng.5b01385
http://dx.doi.org/10.1039/b801489b
http://dx.doi.org/10.1002/app.32973
http://dx.doi.org/10.1039/c2cs15311d
http://www.ncbi.nlm.nih.gov/pubmed/22266483
http://dx.doi.org/10.4067/S0717-97072003000100013
http://dx.doi.org/10.1134/S1068162015070067
http://dx.doi.org/10.1021/bm900667q
http://www.ncbi.nlm.nih.gov/pubmed/19642671
http://dx.doi.org/10.12720/jomb.4.2.165-169
http://dx.doi.org/10.1021/bm034398d
http://www.ncbi.nlm.nih.gov/pubmed/15002983
http://dx.doi.org/10.1016/j.carbpol.2009.05.032
http://dx.doi.org/10.1002/pi.4883
http://dx.doi.org/10.1016/j.carbpol.2016.01.009
http://www.ncbi.nlm.nih.gov/pubmed/26877005
http://dx.doi.org/10.1016/j.carbpol.2015.10.033
http://www.ncbi.nlm.nih.gov/pubmed/26572467


Materials 2017, 10, 526 13 of 14

29. Belhalfaoui, B.; Aziz, A.; Elandaloussi, E.H.; Ouali, M.S. Succinate-bonded cellulose: A regenerable and
powerful sorbent for cadmium-removal from spiked high-hardness groundwater. J. Hazard. Mater. 2009, 169,
831–837. [CrossRef] [PubMed]

30. Nada, A.A.M.A.; Hassan, M.L. Ion exchange properties of carboxylated bagasse. J. Appl. Polym. Sci. 2006,
102, 1399–1404. [CrossRef]

31. Yoshimura, T.; Matsuo, K.; Fujioka, R. Novel biodegradable superabsorbent hydrogels derived from cotton
cellulose and succinic anhydride: Synthesis and characterization. J. Appl. Polym. Sci. 2010, 99, 3251–3256.
[CrossRef]

32. Hu, X.; Zhao, M.; Song, G.; Huang, H. Modification of pineapple peel fibre with succinic anhydride for Cu2+,
Cd2+ and Pb2+ removal from aqueous solutions. Environ. Technol. 2011, 32, 739–746. [CrossRef] [PubMed]

33. Yin, X.; Yu, C.; Zhang, X.; Yang, J.; Lin, Q.; Wang, J.; Zhu, Q. Comparison of succinylation methods for
bacterial cellulose and adsorption capacities of bacterial cellulose derivatives for Cu 2+ ion. Polym. Bull.
2011, 67, 401–412. [CrossRef]

34. Li, W.Y.; Jin, A.X.; Liu, C.F.; Sun, R.C.; Zhang, A.P.; Kennedy, J.F. Homogeneous modification of cellulose
with succinic anhydride in ionic liquid using 4-dimethylaminopyridine as a catalyst. Carbohydr. Polym. 2009,
78, 389–395. [CrossRef]

35. Chen, J.; Su, M.; Zhang, X.; Chen, R.; Hong, J.; Yang, L.; Yang, Z. The role of cations in homogeneous
succinoylation of mulberry wood cellulose in salt-containing solvents under mild conditions. Cellulose 2014,
21, 4081–4091. [CrossRef]

36. Chen, J.; Su, M.; Chen, R.; Hong, J.; Cheng, R. Effects of salt on homogeneous succinoylation of lignocellulosic
fibers in dimethyl sulfoxide/tetraethylammonium chloride under mild condition. J. Appl. Polym. Sci. 2015,
132, 41912–41919. [CrossRef]

37. Liu, C.F.; Zhang, A.P.; Li, W.Y.; Yue, F.X.; Sun, R.C. Homogeneous Modification of Cellulose in Ionic Liquid
with Succinic Anhydride Using N-Bromosuccinimide as a Catalyst. J. Agric. Food Chem. 2009, 57, 1814.
[CrossRef] [PubMed]

38. Liu, C.F.; Sun, R.C.; Zhang, A.P.; Ren, J.L.; Geng, Z.C. Structural and thermal characterization of sugarcane
bagasse cellulose succinates prepared in ionic liquid. Polym. Degrad. Stab. 2006, 91, 3040–3047. [CrossRef]

39. Liu, C.F.; Sun, R.C.; Zhang, A.P.; Ren, J.L.; Wang, X.A.; Qin, M.H.; Chao, Z.N.; Luo, W. Homogeneous
modification of sugarcane bagasse cellulose with succinic anhydride using a ionic liquid as reaction medium.
Carbohydr. Res. 2007, 342, 919–926. [CrossRef] [PubMed]

40. Chen, M.J.; Chen, C.Y.; Liu, C.F.; Sun, R.C. Homogeneous modification of sugarcane bagasse with maleic
anhydride in 1-butyl-3-methylimidazolium chloride without any catalysts. Ind. Crop. Prod. 2013, 46, 380–385.
[CrossRef]

41. Huang, Y.B.; Xin, P.P.; Li, J.X.; Shao, Y.Y.; Huang, C.B.; Pan, H. Room-Temperature Dissolution and
Mechanistic Investigation of Cellulose in a Tetra-Butylammonium Acetate/Dimethyl Sulfoxide System.
ACS Sustain. Chem. Eng. 2016, 4, 2286–2294. [CrossRef]

42. Zhu, S.; Wu, Y.; Chen, Q.; Yu, Z.; Wang, C.; Jin, S.; Ding, Y.; Wu, G. Dissolution of Cellulose with Ionic Liquids
and Its Application: A Mini-Review. Green Chem. 2006, 37, 325–327. [CrossRef]

43. Lin, L.; Yamaguchi, H.; Suzuki, A. Dissolution of cellulose in the mixed solvent of [bmim]Cl-DMAc and its
application. RSC Adv. 2013, 3, 14379–14384. [CrossRef]

44. Tomkinson, J. Separation and Characterization of Cellulose from Wheat Straw. Sep. Sci. Technol. 2005, 39,
391–411.

45. Liu, C.F. Succinoylation of cellulose catalyzed with iodine in ionic liquid. Ind. Crop.Prod. 2010, 31, 363–369.
[CrossRef]

46. Miao, J.; Sun, H.; Yu, Y.; Song, X.; Zhang, L. Quaternary ammonium acetate: An efficient ionic liquid for the
dissolution and regeneration of cellulose. RSC Adv. 2014, 4, 36721–36724. [CrossRef]

47. Baiardo, M.; Frisoni, G.; Scandola, M.; Licciardello, A. Surface chemical modification of natural cellulose
fibers. J. Appl. Polym. Sci. 2002, 83, 38–45. [CrossRef]

48. Frisoni, G.; Baiardo, M.; Scandola, M.; Lednická, D.; Cnockaert, M.C.; Mergaert, J.; Swings, J. Natural
Cellulose Fibers: Heterogeneous Acetylation Kinetics and Biodegradation Behavior. Biomacromolecules 2001,
2, 476–482. [CrossRef] [PubMed]

49. Miao, J.; Yu, Y.; Jiang, Z.; Zhang, L. One-pot preparation of hydrophobic cellulose nanocrystals in an ionic
liquid. Cellulose 2016, 23, 1209–1219. [CrossRef]

http://dx.doi.org/10.1016/j.jhazmat.2009.04.021
http://www.ncbi.nlm.nih.gov/pubmed/19428180
http://dx.doi.org/10.1002/app.24255
http://dx.doi.org/10.1002/app.22794
http://dx.doi.org/10.1080/09593330.2010.510853
http://www.ncbi.nlm.nih.gov/pubmed/21879549
http://dx.doi.org/10.1007/s00289-010-0388-5
http://dx.doi.org/10.1016/j.carbpol.2009.04.028
http://dx.doi.org/10.1007/s10570-014-0429-6
http://dx.doi.org/10.1002/app.41912
http://dx.doi.org/10.1021/jf803097k
http://www.ncbi.nlm.nih.gov/pubmed/19199606
http://dx.doi.org/10.1016/j.polymdegradstab.2006.08.004
http://dx.doi.org/10.1016/j.carres.2007.02.006
http://www.ncbi.nlm.nih.gov/pubmed/17324384
http://dx.doi.org/10.1016/j.indcrop.2013.02.023
http://dx.doi.org/10.1021/acssuschemeng.5b01749
http://dx.doi.org/10.1039/b601395c
http://dx.doi.org/10.1039/c3ra41299g
http://dx.doi.org/10.1016/j.indcrop.2009.12.002
http://dx.doi.org/10.1039/C4RA06258B
http://dx.doi.org/10.1002/app.2229
http://dx.doi.org/10.1021/bm0056409
http://www.ncbi.nlm.nih.gov/pubmed/11749209
http://dx.doi.org/10.1007/s10570-016-0864-7


Materials 2017, 10, 526 14 of 14

50. Pan, H.; Shupe, T.F.; Hse, C.Y. Characterization of liquefied wood residues from different liquefaction
conditions. J. Appl. Polym. Sci. 2007, 105, 3740–3746. [CrossRef]

51. Chadlia, A.; Mohamed, K.; Najah, L.; Farouk, M.M. Preparation and characterization of new succinic
anhydride grafted Posidonia for the removal of organic and inorganic pollutants. J. Hazard. Mater. 2009, 172,
1579–1590. [CrossRef] [PubMed]

52. Cossich, S.; Tavares, E.G.; Ravagnani, C.R.K.; Massako, T. Biosorption of chromium(III) by Sargassum sp.
biomass. Electron. J. Biotechnol. 2002, 5, 133–140. [CrossRef]

53. Thirumavalavan, M.; Lai, Y.L.; Lin, L.C.; Lee, J.F. Cellulose-Based Native and Surface Modified Fruit Peels
for the Adsorption of Heavy Metal Ions from Aqueous Solution: Langmuir Adsorption Isotherms. J. Chem.
Eng. Data 2013, 55, 1186–1192. [CrossRef]

54. Jeon, Y.S.; Lowell, A.V.; Gross, R.A. Studies of Starch Esterification: Reactions with Alkenylsuccinates in
Aqueous Slurry Systems. Starch-Stärke 1999, 51, 90–93. [CrossRef]
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