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The relatively low solubility of cellulose in choline chloride-based deep 
eutectic solvents (DESs) restricts their practical application in the 
production industry. Here, cellulose was slightly oxidized into dialdehyde 
cellulose (DAC) at first, and then partial chemical bonding was introduced 
to intensify the dissolution process of cellulose in (choline chloride-
resorcinol) DES. In this process, the solubility of cellulose in DES 
increased 10-fold, and the crystallinity of cellulose decreased over 24% 
while the oxidation level was lower than 20%. An intensified hydrogen 
bond network was revealed, which implied that cellulose components 
mainly acted as hydrogen bond donor after dissolution. A new class of 
DES containing cellulose was thus preliminarily established. The cellulose 
chains and the intensive hydrogen bond network also resulted in an 
increased viscosity and a conversion from Newtonian behavior to non-
Newtonian behavior of dissolved samples. The phase transition behaviors 
of dissolved samples were gradually converted from crystallization to cool 
crystallization. The proposed and performed strategy is novel and scalable 
and will open a fresh perspective to achieve higher efficient dissolution of 
cellulose in DES and establish a new partially derivatized cellulose/DES 
system. 
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INTRODUCTION 
 

As one of the most abundant renewable biomass resources in nature, cellulose is 
typically considered as an ideal substitute for petroleum-based material due its 
biocompatibility, barrier properties, attractive appearance, non-toxicity, and low cost with 
the increasing demand for environmentally friendly and biodegradable products. However, 
cellulose is insoluble in most common solvents because of its high crystallinity and 
extensive intra- and intermolecular hydrogen bonds. To a great degree, this has limited the 
efficient conversion of this renewable resource into high value-added products (Djahedi et 
al. 2016). 
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Different cellulose solvents (DMAc(N,N-Dimethylacetamide)/LiCl, NMMO(N-
methylmorpholine-N-oxide), molten salt hydrate, etc.) (Orelma et al. 2017; Han et al. 
2019; Chen et al. 2020) were developed and studied in recent decades. However, the 
availability of these solvents applied to large-scale industrial work has been admittedly 
unacceptable. Increasing attention thus has been paid to look for more efficient, greener, 
safer, and cheaper solvents to dissolve cellulose for the sustainable development of society. 
For example, ionic liquids (ILs) and NaOH/Urea were shown to have a favorable capability 
for dissolving cellulose and exhibit remarkable potential in processing cellulose and 
exploiting high value-added products in industry (Cao et al. 2009; Li et al. 2015). 
Nonetheless, much more efforts should be made in the future to continue to reduce the 
solvents cost, simplify dissolution conditions and processes, and improve the availability 
of solvent to different cellulose materials. 

Deep eutectic solvents (DESs) comprising of at least one hydrogen bond donor 
(HBD) and one hydrogen bond acceptor (HBA), emerged at the beginning of this century 
because of their low cost, negligible volatility, nonflammability, high conductivities, and 
other unusual solvent properties (Florindo et al. 2019). Recently, the applications of DESs 
in the dissolution and fractionation of lignocellulosic biomass have attracted increasing 
attention (Tang et al. 2017; Mamilla et al. 2019). It has been reported that DESs show good 
amounts of lignin solubility by regulating DESs components (Sosa et al. 2020; Yue et al. 
2020), while they show significantly lower amounts of cellulose solubility (Francisco et al. 
2012; Zhou and Liu 2014). Although a previous report has designed a molecular scissor 
based on reconstruction of hydrogen bonds by combining the DFT (density functional 
theory) theoretical calculations and experiment validation to achieve higher solubility of 
cellulose (between 10 and 17 wt%) in DESs, the main reason is that NMMO was used as 
the HBA (Luo et al. 2020). However, most previous studies on DESs for cellulose 
dissolution began with choline chloride (ChCl)-derived DESs because ChCl is the most 
popularly employed member for preparing DESs as a HBA, and the reported solubility of 
cellulose was usually lower than 1 wt% in these DESs, which has extremely hampered 
their practical application in the dissolution of cellulose (Chen et al. 2019). The prime 
reason is that hydrogen bond network in DESs results in fewer opportunities for 
interactions between solvent agents and cellulose and competition to react with chloride 
between protic –OH groups in the choline cation and hydrogen bonds in the cellulose.  

There are many strategies to improve the solubility of cellulose in DES, such as 
increasing hydrogen bonding basicity (β) by regulating HBD and HBA (Abbasi et al. 
2021), improving mass transfer processes using ultrasonic irradiation (Malaeke et al. 
2018), and weakening hydrophobic interactions by adding a surfactant (Ren et al. 2016). 
Despite having a good practical effect, these strategies have resulted in a solubility of 
cellulose in DESs lower than 7 wt%, which was far from that in NMMO and ILs. 
Additionally, it was noteworthy that cellulose could form a DES because of the hydroxyl 
groups. At this point, a new class of DESs containing cellulose could be developed; 
however, this has yet to be reported with an available strategy (Tang et al. 2017; Chen et 
al. 2019). This is most likely attributed to a lack of effective principles or strategy for 
establishing a hydrogen bonding network between ChCl and cellulose. 

In view of this situation, the current authors designed a partial chemical bonding 
intensified dissolution process of cellulose in DES based on phenol-aldehyde reaction. As 
detailed, cellulose was slightly oxidized first with sodium periodate to introduce aldehyde 
(Sirviö et al. 2011b), and subsequently reacted with phenolics in DES. Partial chemical 
bonding between cellulose and HBD was therefore achieved, and the slightly derivatized 
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cellulose chain can be regarded as a new HBD. Finally, the solubility of cellulose in DES 
was thus significantly improved. This novel strategy would be promising in developing 
high value-added products from cellulose and has not been reported previously. In addition, 
according to previous studies, periodate oxidation of cellulose has a great potential for 
industrial development because the reaction conditions are mild and reagents are 
regenerative and recyclable (Koprivica et al. 2016; Dang et al. 2019). Moreover, phenol-
aldehyde reaction has been widely used and can be controlled easily in industry (Xu et al. 
2019). Therefore, this strategy also has great potential for large-scale industrialization. In 
this work, the current authors studied the dissolution behavior of cellulose with different 
oxidation levels and contents in DESs, and then investigated their physicochemical 
properties. 
 
 
EXPERIMENTAL 
 
Materials 

Microcrystalline cellulose (MCC, ≤ 50 μm), used as raw cellulose, was purchased 
from Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). Choline 
chloride, resorcinol, sodium periodate, and ethanol were of analytical reagent grade and 
the deionized water was produced by an ultrapure water system. All chemical reagents 
were also purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, 
China). 
 
Periodate Oxidation of MCC 

Firstly, 10 g of MCC was suspended in 100 mL of distilled water in beakers. 
Periodate loadings of 0.3 and 0.6 g/g fibers were added into the suspension. The beakers 
were covered with aluminum foil to prevent photo-induced decomposition of the periodate.  
 

 
 
Fig. 1. (a) Chemical structure after reaction, (b) the synthesis of DES from ChCl and Res, (c) 
MCC and DAC samples, (d) dissolution of sample images, and (e) the hydrogen bonding network 
diagram of the dissolve sample 
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The reaction mixture was magnetically stirred at about 500 rpm and 45 °C for 10 
h. Partially oxidized dialdehyde cellulose (DAC) was obtained (Fig. 1c) and named as 
DAC0.3 and DAC0.6. Microcrystalline cellulose underwent treatment at the same 
conditions without periodate as a reference. Microcrystalline cellulose, DAC0.3, and 
DAC0.6 were filtered and washed with distilled water and left without a drying treatment. 
 
Preparation of DES 

Choline chloride, resorcinol, and formic acid were mixed together in a molar ratio 
of 1:0.8:0.2. Then, the mixture was transferred to a sealed glass flask and heated to 80 °C, 
with constant stirring, for the time required until the formation of a clear liquid (Fig. 1b). 
The mixture was allowed to naturally cool to room temperature. 
 
Dissolution of DAC in DES 

For the dissolution of DAC in DES, 1.8 g and 3.6 g (abs.) of MCC, DAC0.3, and 
DAC0.6 were added in 30 g of DES. The mixtures were magnetically stirred at about 1000 
rpm and 80 °C for 2 h. The resulting mixtures are presented in Fig. 1d, and named as 
DES/MCC-6%, DES/MCC-12%, DES/DAC0.3-6%, DES/DAC0.3-12%, DES/DAC0.6-
6%, and DES/DAC0.6-12%, respectively. Most of the water in the wet MCC and DAC 
was removed by displacement with absolute ethanol before dissolving, and the remaining 
small amount of water, ethanol, and formic acid were removed by vacuum drying after the 
reaction. 

Cellulose derivatives were regenerated before some characterization. The dissolved 
samples were dropped into ethanol and magnetically stirred for 1 h. Then, the obtained 
suspension was filtered and washed with ethanol to remove the remaining DES. The 
regenerated cellulose derivative was freeze-dried and named as the phenol-aldehyde 
reacted cellulose (PAC) (Fig. 1a). 

 
Table 1. Abbreviation and Explanation of Sample Labels 

 DAC PAC DES/MCC DES/DAC 
0.3 DAC0.3 PAC0.3  DES/DAC0.3-6% 
0.6 DAC0.6 PAC0.6  DES/DAC0.6-12% 
6%   DES/MCC-6% DES/DAC0.6-6% 
12%   DES/MCC12% DES/DAC0.3-12% 

Notes: 0.3 and 0.6 were the weight ratio of Periodate to MCC; 6% and 12% were the weight ratio 
of solute to solvent. 
 
Characterization 
Polarized light microscopy (POM) 

A droplet of mixture was deposited on a microscope slide and sealed with a cover 
glass for observation. Optical characterization of the dissolved samples was completed 
using POM with an Olympus transmission microscope (Olympus, Tokyo, Japan) coupled 
with a Leica digital camera and Leica Application Suite Software (Leica Camera, Inc., 
version 3.4.2. 18368,, Allendale, NJ, USA). 
 
Fourier transform infrared spectrometry (FTIR) 

The FTIR spectra of different samples were recorded using a Nicolet 6700 FTIR 
spectrometer (Thermo Scientific, Waltham, MA, USA) equipped with a diamond crystal 
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as ATR (attenuated total reflectance) element in a spectral range of 400 to 4000 cm−1 with 
a resolution of 4 cm−1 resolution by accumulating 32 scans. 
 
Differential scanning calorimetry (DSC) analysis 

Thermal characterization was completed using DSC (Netzsch 204F1, Netzsch 
GmbH & Co., Sleb, Germany). Approximately 10 mg of the samples were placed in the 
aluminum crucible with cover. The runs were conducted in three stages: ⅰ) heating from 30 
°C to 105 °C at a heating rate of 10 °C/min, holding this temperature for 10 min to eliminate 
the effect of trace water; ⅱ) cooling from 105 °C to -45 °C at 3 °C/min, holding this 
temperature for 5 min; and ⅲ) heating from -45 °C to 105 °C at 3 °C/min under a nitrogen 
atmosphere fed with a flow rate of 50 mL/min. 
 
X-ray diffraction (XRD) analysis 

The crystallinity was determined by wide-angle X-ray diffraction (WAXD) using 
a Bruker D8 Advance X-ray diffractometer (Bruker Daltonics GmbH & Co., Bremen, 
Germany). The scattering angle range was 5 to 40°, the scanning speed was 4°/min, and 
the 2θ step interval was 0.02°. The XRD data were analyzed by calculating the ratio 
between the diffraction of the (002) lattice peak at about 22.5°, and the minimum was found 
between the (002) and (101) lattice peaks at approximately 18.5°, commonly referred to as 
the crystallinity index (CrI). 
 
Rheological characterization 

Viscosity analyses of the dissolved samples were characterized by steady 
rheological measurements on a MCR 302 modular compact rheometer (Anton Paar Austria 
GmbH, Graz, Austria) fitted with a parallel plate geometry with 50 mm diameter and a gap 
of 0.1 mm. The viscosities were measured in the range of shear rate from 0.1 to 700 s−1 at 
constant temperature of 25 °C in triplicates. The flow curves were obtained using RheoPlus 
software (Anton Paar, RheoCompass1.12, Austria GmbH, Graz, Austria). 
 
Aldehyde content analysis 

The aldehyde content of DAC was determined by the oxime reaction between the 
aldehyde groups and NH2OHHCl. The NH2OHHCl solution (25 mL of 0.25 M) used here 
was adjusted to pH 4. The never-dried periodate oxidized cellulose (approx. 0.1 g abs.) was 
then added to the solution and stirred at room temperature for 4 h. Finally, the reaction 
mixture was titrated back to pH 4 using standardized 0.1 M sodium hydroxide. The 
aldehyde content of the oxidized samples was calculated according to the amount of 
sodium hydroxide. Each reaction with NH2OHHCl was performed in triplicate (Larsson 
and Wågberg 2016). 
 
Determination of solubility 

Then, 0.6 g, 1.2 g, and 1.8 g (abs.) of MCC, DAC0.3, and DAC0.6 were added to 
30 g of DES, respectively. The dissolved process is shown in Fig. 1. Each dissolved sample 
was divided into three points and centrifuged at 10000 rpm for 10 min. Then, 3 g of 
supernatant were dropped into ethanol and magnetically stirred for 1 h. The regenerated 
cellulose derivatives were freeze-dried and weighed. The solubility of cellulose can be 
calculated based on the sampling ratio. It should be noted that higher amounts of DAC 
would result in higher viscosity of dissolved samples and cannot achieve the separation of 
the dissolved part and undissolved part, which was thus not investigated in this work. 
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RESULTS AND DISCUSSION 
 
Periodate Oxidation and Phenol-aldehyde Reaction 

Aldehyde content was measured to provide insight regarding the periodate 
oxidation of MCC and phenol-aldehyde reaction between DAC and DES, as shown in Fig. 
2a. The aldehyde content of DAC0.3 and DAC0.6 was 1.05 mmol/g and 2.14 mmol/g 
respectively, which corresponded to the oxidation levels of 8.5% and 17.3%. And then, the 
yields of DAC0.3 and DAC0.6 obtained were 97.5% and 96.2% respectively, which were 
notably high at the lower oxidation level. Inspired by previous reports (Lucia et al. 2019), 
the current authors performed the periodate oxidation with a relatively high-consistency 
cellulose (MCC/water ratio of 1:10) and the low amounts of periodate for achieving 
resources-saving production of DAC. In this work, the relatively lower oxidation level 
could avoid the decomposition of cellulose as soon as possible (Sirviö et al. 2011a), but 
resulted in a remarkable decrease in CrI of DAC (Fig. 4b). 

 

 
 

 
 

  
 
Fig. 2. (a) the aldehyde content of DAC and PAC, (b) The FTIR spectra of DES, MCC, DAC0.6, 
and PAC0.6, (c) the solubility of cellulose in DES at different amounts of MCC or DAC, and (d) 
the dissolved proportion of MCC and DAC 
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The aldehyde contents of PAC are also presented in Fig. 2a, which indicated that 
the aldehyde contents were decreased noticeably after phenol-aldehyde reaction. This 
implied that most of the aldehyde groups (> 90%) participated in the reaction. A small 
amount of residual aldehyde is most likely because gelation of DAC particles might occur 
during the dissolution process of cellulose (Cai and Zhang 2006) and hampered the reaction 
between resorcinol and aldehyde. A slightly higher aldehyde content at a higher weight 
ratio of DAC to DES (12%) also validated this reason. Moreover, there were steric-
hindrance effects for this reaction between two resorcinol groups and DAC, which could 
also result in a little aldehyde without being involved in this reaction. These results were 
consistent with a previous study, in which the degree of substitution of cellulose during 
esterification was relatively lower when using diphenyl chlorophosphate as a substituent 
group (Xiao et al. 2014). 

Phenol-aldehyde reaction was confirmed by FTIR spectrum presented in Fig. 2b. 
The band observed at 1728 cm−1 appeared in DAC0.6 and was attributed to C=O vibrations 
of aldehyde, while it almost disappeared in PAC0.6. The band at 1718 cm-1 may be related 
to C=O on the ester group formed by the reaction of formic acid. It should be noted that 
the benzene ring skeleton vibration signals appeared at 1600, 1518, and 1458 cm-1. In 
addition, the signal of 1, 3, 5 substituted benzene ring also appeared at 845 cm-1 of the 
band. This indicated that phenols reacted with DAC and were successfully grafted on the 
molecular chain. It was noteworthy that a new band related to C=O appeared at 1634 cm-1 
in PAC0.6. This is because phenolic compounds can be oxidized to quinones. At the same 
time, it should be noted that the band at 1477 cm−1 also appeared in DESs, which 
corresponded to CH2 in ChCl, but it was not observed in the PAC spectrum. This indicated 
that DAC did not react with ChCl in DES. 

The synthesis of phenolic resin was divided into two stages: addition reaction and 
polycondensation, and the products usually were affected by pH and the molar ratio of 
phenol to aldehyde. Resorcinol-formaldehyde polycondensation has been demonstrated in 
previous reported studies in a DES system (Gutiérrez et al. 2010), which revealed the 
feasibility of phenol-aldehyde reaction. However, the difference in the reaction was that 
the aldehyde groups were scattered at the cellulose molecular chains, and then the dissolved 
cellulose molecular chains caused a higher viscosity. Therefore, the polycondensation of 
phenol and aldehyde was extremely difficult, while addition reaction dominated. The 
addition reaction usually occurred in the ortho- and para-positions of the phenolic hydroxyl 
group, as shown in Fig. 1b. It should also be noted that ChCl/RES DES provided a weakly 
acidic environment, which could catalyze the phenol-aldehyde reaction. However, the 
more detailed information about the chemical structure of PAC and the reaction kinetics of 
addition reaction and polycondensation during phenol-aldehyde reaction are still unclear 
and require much more systematic and in-depth research. 

The solubility of cellulose in DES with different oxidation levels and dosages is 
presented in Fig. 2c. It can be observed that the solubility of MCC in DES was less than 
1%, which was noticeably lower than 6%, as reported in a previous study. The reason is 
that the MCC with higher crystallinity (> 80%) was used as raw material in this work. 
Furthermore, ultrasonic irradiation was not used for improving the mass transfer (Malaeke 
et al. 2018). The solubility of DAC0.6-6% was 3.37%. It increased approximately 10 fold 
compared to MCC-6%, which showed that partial chemical bonding remarkably intensified 
the dissolution of cellulose. Moreover, the dissolved proportion of DAC0.3 was relatively 
stable based on its dosages as well as MCC. However, the dissolved proportion of DAC0.6 
was slightly increased as its dosage increased. This was most likely because much more 
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dissolved cellulose chains formed an entanglement network and resulted in higher 
viscosity, which could make the little undissolved micro-nano crystalline region be 
retained in the supernatant after centrifugation. 
 
Microstructure of MCC or DAC during Dissolution 

The microstructure of MCC, DAC, and their dissolved samples were investigated 
using POM, as shown in Fig. 3. The MCC crystalline structure can be clearly observed in 
Fig. 3a. Despite periodate oxidizing with periodate loadings of 0.6 g/g fibers, most of the 
crystalline structure remained (Fig. 4b). However, DAC0.6 was easier to aggregate due to 
the increase of amorphous components and the interaction of DAC molecules (Lopez-
Sanchez et al. 2017). This is shown in Fig. 3c, in which cellulose crystalline (light color) 
is wrapped with amorphous components (shadows). It can be observed that there was a 
certain amount of crystalline structure in Fig. 3d, which also confirmed the extremely lower 
solubility of cellulose in DES.  

 

 
 
Fig. 3. POM images of: (a through c) MCC, DAC0.3, and DAC0.6 in water, (d through f) 
DES/MCC-6%, DES/ DAC0.3-6%, and DES/DAC0.6-6%, and (g through i) DES/MCC-12%, DES/ 
DAC0.3-12%, and DES/DAC0.6-12%, respectively 

 
The crystalline structure in DESs was noticeably decreased after the introduction 

of aldehyde. There is a sparse luminous region distributed in Fig. 3f, which indicated that 
the majority of the crystalline structure was destroyed. Then, the interference color 
gradually became single and bleak, which represented the weakly birefringent resulting 
from the destruction of cellulose crystalline. This feature can also be confirmed by a 
remarkable decrease of the CrI (Fig. 4b.) from 40.6% (DAC0.6) to 16.2% (PAC0.6-6%). 
However, this also implied that little crystalline region remained. The most plausible 
reason is that the introduction of aromatic ring was more destructive around the crystalline 
region, while it was less destructive to the distant crystalline region, as presented in Fig. 4c 
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(black dotted arrow). This demonstrated that DAC can almost entirely dissolve in DES at 
a higher oxidation level, as shown in Fig. S1. Furthermore, compared to Fig. 3f 
(DES/DAC0.6-6%), a little more luminous region was observed in Fig. 3i (DES/DAC0.6-
12%) because the higher viscosity would make the mass transfer difficult, thus further 
hampering the destruction of crystalline cellulose. It should be noted that the remaining 
crystalline region can play an important role, for example, as a reinforcement phase in all-
cellulose composites, as reported in previous literature (Baghaei and Skrifvars 2020). 

 

 
 

Fig. 4. The XRD spectra (a) and CrI (b) of MCC, DAC, and their regenerated products from 
dissolved samples, and (c) schematic diagram of the change of the aggregated structure 

 
According to the diffraction patterns and CrI results (Fig. 4ab), the crystal type of 

cellulose was not changed, while the CrI of samples after dissolution decreased. Then, the 
differences in CrI between DAC and PAC increased as the oxidation level increased, which 
implied that much more crystalline cellulose region was destroyed at a higher oxidation 
level. This mechanism of this phenomenon was that the insertion of the aromatic ring into 
cellulose chains promoted the separation of cellulose chains and increased the distance 
between the cellulose chains. These improved the mass transfer of DES and made the 
hydrogen bond network between cellulose and DES reconstruct easier, as presented in Fig. 
4c. It is widely accepted that DESs have poor solubility of cellulose due to their weaker 
capability in disrupting the inherent hydrogen bond network of cellulose, especially for 
crystalline cellulose (Zhang et al. 2020). However, in this work, this process was noticeably 
improved by insertion of the aromatic ring based on partial chemical bonding, and thus 
resulted in a remarkable increased solubility of cellulose in DES. The authors also 
investigated the dissolution of DAC in ChCl/glycerol and found that the dissolution process 
was not improved, which also implied the critical role of partial chemical bonding. 
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Hydrogen Bond Network between DAC and DES 

 
Fig. 5. (a) The FTIR spectra of dissolved samples, (b) the Sankey diagram visualizing the 
topology of the hydrogen band network for the DES and (c) DAC solution in DES, (d) the 
molecular model of RES, Ch, and PAC, and (e) the hydrogen bond network in molecular model 
for the DES, (f) DAC solution in DES, (g) the hydrogen bond network in molecular model between 
Cl— and PAC, and (h) the hydrogen bond network in molecular model between resorcinol and 
PAC. 
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The hydrogen bond networks of DES and the dissolved samples were investigated 
to understand the dissolution mechanism, as shown in Fig. 5. The FTIR spectra of DES 
and the dissolved samples are presented in Fig. 5a. A typical band attributed to the 
stretching vibration of –OH groups shifted from 3187 cm−1 to 3216 cm−1 and broadened as 
the oxidation level increased. It was noteworthy that this phenomenon mainly occurred in 
DES/DAC instead of DES/MCC, which suggested that the –OH group in the cellulose 
chain corresponding to higher wavenumbers was introduced into DES and formed 
hydrogen bond networks (Oh et al. 2005). In this dissolved system, the Cl atom and O atom 
used as HBA attracted H atom in the HBD. After dissolution of cellulose, different O atoms 
and H atoms were introduced into the dissolved system. However, it has been reported that 
mainly only the O atom and H atom in primary and secondary hydroxyl groups participated 
in the formation of hydrogen bond (Brehm et al. 2020). 

To explain the changes of hydrogen bond more clearly, the authors examined the 
types of hydrogen bond and their amounts according to molecular simulation, as presented 
in Table S1 and Table S2. It was noteworthy that a noticeable increase of hydrogen bond 
between Cl atom and –OH groups in RES (resorcinol) and cellulose (ClO–H) was 
observed because of higher electronegativity of Cl atom (Benabid et al. 2019), which 
confirmed the intensive interaction enhanced by partial chemical bonding. In addition, –
OH groups in cellulose as HBD can form the hydrogen bond with O atom in –OH groups 
of RES and choline cation. This showed that cellulose mainly acted as HBD in the 
hydrogen bond network of the dissolved system. Only a few O atoms as HBA formed 
hydrogen bond with H atom in –OH groups of RES and choline cation. According to the 
examined values, the authors established the Sankey diagrams (Fig. 2bc) to visualize the 
topology of the hydrogen bond network (Brehm et al. 2020), which showed the formation 
of a more complex hydrogen bond network between cellulose and DES, as also presented 
in Fig. 1e. Additionally, a new class of DESs containing partially derivatized cellulose was 
preliminarily developed. Admittedly, much more efforts should be made to investigate the 
structure and configuration of PAC with the aim of further optimizing the hydrogen bond 
network, which is essential for interpreting and regulating their physicochemical 
properties. 
 
Flow Curves of MCC and DAC Dissolved Samples 

The rheological properties of cellulose solutions are crucial to process and develop 
their materials and products. As presented in Fig. 6, DES kept constant viscosity over the 
whole shear rate range applied, which exhibited typically Newtonian behavior (Altamash 
et al. 2017). It was noteworthy that there were barely changes in viscosity and Newtonian 
behavior for the mixture of DES and MCC. Furthermore, the beginning of shear thinning 
was observed (non-Newtonian behavior) for the DES/DAC0.3-6% under a shear rate 
domain of 0.1 to 1 S-1. However, the viscosity of DES/DAC0.3-6% was still independent 
of shear rate within the range of 1 to 700 S-1. Moreover, with the increase of the contents 
and the oxidation level of DAC in DES, the non-Newtonian behavior became more distinct, 
and the viscosity was increased noticeably. More importantly, the dependence of viscosity 
on high shear rate was gradually increased. Especially for DES/DAC0.6-12%, the non-
Newtonian behavior occurred over the whole shear rate range applied, and the viscosity 
decreased linearly with the increase of shear rate. 
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Fig. 6. Steady-state shear viscosity of dissolved samples of MCC and DAC in DES 

 
It has been reported that DESs usually exhibit high viscosity at room temperature 

because of the prevailing hydrogen bond network between the components, which results 
in a limited mobility of free species with the DES (Elhamarnah et al. 2019; Fan et al. 2021). 
In this work, comparing the viscosity of DES, DES/MCC, and DES/DAC0.3-6%, it can be 
concluded that the addition of MCC particles under a relatively low proportion range had 
a negligible impact on their viscosity and Newtonian behavior. Therefore, the increasing 
viscosity and the exhibiting of non-Newtonian behavior were attributed to the materials in 
the dissolved state. This would form a new hydrogen bond network between polymer 
molecular chain and DES. The mixtures of DES and DAC were thus converted into a 
typical polymer solution. The shear-thinning behavior in many classic polymer melts or 
solutions is generally considered to be induced by the rearrangement and orientation of 
macromolecular chains along the shear direction (Lu et al. 2015). With increasing of 
oxidation level and additive amount of DAC, the materials in the dissolved state was 
increased, and thus resulted in a higher apparent viscosity and a higher dependence of 
viscosity to shear rate. This further demonstrated the fact that the increasing solubility of 
cellulose in DES was achieved by partial chemical bonding. The results also suggested that 
the newly formed DES containing partially derivatized cellulose showed an obviously 
distinct rheological behavior compared to pure DES. 
 
Melting and Crystallization Behavior 

The dissolved samples were characterized by DSC to determine the existence of 
phase transitions, including melting and crystallization behavior. The DSC of DES was 
dominated by the presence of a sharp exothermic peak at −9.4 °C with a ΔH of −73.78 J/g 
in the cooling curve. However, as observed for the DES/MCC-6% and DES/MCC −12%, 
the sharp exothermic peak gradually shifted to a lower temperature of −11 °C and −17 °C, 
with a ΔH of −64.93 J/g and −49.34 J/g, respectively. The results from the DSC cooling 
curve (Fig. 7a) indicated that the addition of MCC would slightly hinder the crystallization 
of DES, because the presence of MCC particle in DES inhibited the formation efficiency 
of eutectic system between ChCl and RES. The endothermic transitions that ensue were 
assigned to the melting of the crystalline structures. It can be observed that two 
endothermic peaks between 10 and 40 °C were formed in all samples, which was attributed 
to the solid (at approximately 17.7 °C) and solid–liquids (at approximately 29.1 °C) 
transition (Aroso et al. 2016). 
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Fig. 7. The DSC thermograms (cooling and heating step) of (a) DES, DES/MCC-6%, and 
DES/MCC-12%, and (b) DES/DAC0.3-6%, DES/DAC0.3-12%, DES/DAC0.6-6%, and 
DES/DAC0.6-12% 
 

It was noteworthy that the two exothermic peaks of DES/DAC0.3-6% and 
DES/DAC0.6-6% appeared at approximately −25 °C (< −17 °C) in cooling curves and 
heating curves, which corresponded to crystallization during the cooling step and cold 
crystallization during the heating steps. The reason was that there was the interaction 
between the cellulose molecular chain and the DES molecules, which inhibited the 
migration and arrangement efficiency of the DES molecules during the cooling process, 
and was difficult to crystallize completely. However, during the reheating, the non-
crystallized DES molecules gained energy. DES molecules can migrate easily and further 
arranged in an orderly manner, and formed a cold crystallization. In addition, the 
crystallization in the cooling step disappeared obviously, especially in the thermograms of 
DES/DAC 0.6-12%, which was also due to the hindering of cellulose molecular chains that 
affected the crystallization behavior of DES (Aroso et al. 2017). These results suggested 
that the dissolved cellulose chains had a much more noticeable impact on the phase 
transitions of DES compared to undissolved MCC particles. This was mainly attributed to 
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the formation of hydrogen bond network between DES and cellulose chains, as confirmed 
by FTIR and molecular simulation (Fig. 5). In general, the phase transitions of DES were 
closely related to its hydrogen bond network, however, it changed due to the introduction 
of cellulose chains (Francisco et al. 2012). Therefore, the ordered eutectic structure was 
more difficult to form, especially when many more partially derivatized cellulose chains 
existed in DES. 

In addition, an exothermal cold crystallization transition of DES/DAC0.6-12% 
appeared at approximately −12 °C, which was higher than approximately −20 °C of 
DES/DAC0.3-12%. This can also suggest that the hydrogen bond between cellulose chain 
and DES affected the phase transitions of DES. It was also noteworthy that the cold 
crystallization temperature was gradually close to the melting temperature, which might 
eventually turn into the glass transition of the new class of DESs when containing many 
more cellulose chains. This will be favorable to the development of new cellulose-based 
bioplastics. However, with this goal, a great deal of research work for improving mass 
transfer and achieving higher solubility of cellulose in DES needs to be conducted in the 
future. 
 
 
CONCLUSIONS 
 
1. A novel and scalable strategy for achieving higher solubility of cellulose in deep 

eutectic solvents (DES) and establishing a new class of DES containing partially 
derivatized cellulose was proposed and performed. Dialdehyde cellulose with a low 
oxidation level reacted with phenol and formed new chemical bonds, which thus 
intensified the destruction of cellulose crystalline region and resulted in higher 
solubility of cellulose in DES. 

2. A new hydrogen bond network between DES and partially derivatized cellulose was 
rebuilt, and the amounts of ClO–H hydrogen bond were noticeably increased, which 
revealed the extensive interaction between the Cl atom and partially derivatized 
cellulose. The dissolved partially derivatized cellulose chains resulted in a remarkable 
increase in the viscosity of the dissolved samples and made them show non-Newtonian 
behavior. 

3. And then, the reconstruction of hydrogen bond between DES and partially derivatized 
cellulose showed inhibitory effects on crystallization. Cool crystallization gradually 
appeared, and the crystallization temperature was gradually increased to close to the 
melting temperature. 

4. This study developed a new class of the partially derivatized cellulose/DES solution 
system; their physicochemical properties also implied a promising practical application 
in cellulose processing. Subsequently, a great deal of work needs to be done under the 
efficient mass transfer process, such as ultrasonic irradiation and high mechanical 
shear, to achieve higher solubility of cellulose and develop high value-added materials. 
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APPENDIX 
 
Supplementary Data:  Molecular Simulation Details 

The hydrogen bond network of DES and dissolved samples was investigated by 
molecular dynamics simulation using package Materials Studio 2017 developed by 
Accelrys Incorporation (Cambridge, UK). Resorcinol and choline chloride models were 
built and their electron density pattern was analyzed using Dmol3 module. DES comprising 
of 73 ChCl molecules and 73 resorcinol molecules was established using Amorphous Cell 
module. Energy optimization and geometry optimization were performed using Dmol3 
module. The type and number of hydrogen bonds in DES are summarized in Table S1.  
 
Table S1. Hydrogen Bonding Statistics in DES 

 HCh HRES 
Cl— 42 67 
OCh 3 11 
ORES 14 25 

 
The cellulose chain (5 anhydroglucose units) was used to build the PAC model with 

20% of reaction level. Then, PAC structure was optimized using Forcite module. Two PAC 
molecules and DES were mixed to establish dissolved samples model using Amorphous 
Cell module. In this dissolved samples model, the weight ratio of PAC to DES was 
approximately 12%. Energy optimization, geometry optimization, annealing treatment, and 
dynamic optimization of dissolved samples were performed in the Forcite module. The 
type and number of hydrogen bonds in dissolved samples are summarized in Table S2.  

 

 
 

Fig. S1. (a) The dissolved samples of DAC in DES, the weight ratio of periodate to MCC was 0.9, 
corresponding to the oxidation level of 25.6%, (b) the POM images of dissolved samples. The 
cellulose crystalline is hardly observed in this POM image, which proved that DAC can almost 
entirely dissolve in DES at a higher oxidation level. 
 
Table S2. Hydrogen Bonding Statistics in DES/DAC Dissolved System 

 HCh HRES HPAC 
Cl— 41 86 20 
OCh 5 12 2 
ORES 16 33 2 
OPAC 4 5 14 
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